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Preface

Immune interferon (interferon gamma, IFNY) was discovered 20 years ago.
The scientific interest in this cytokine has been steadily growing, as demon-
strated by the ever-increasing number of publications reaching a number
over 25,000 during this period (Figure 1).

These studies revealed more properties of IFNyand opened new avenues
for its clinical use. Apart from being a natural antiviral agent, IFNYy also
turned out to be an important cytokine which plays a pivotal role in the
processes of formation and modulation of the immune response. However,
in spite of the thousands of scientific papers and a number of reviews
concerning the structure, biological activities, and clinical effects of IFNy, no
monograph that summarizes and critically analyzes the results obtained on
this subject has been published. This is the goal of the present book.

We have attempted to present data on the different properties of IFNy
and on its role in different pathological processes. The data include experi-
ments involving in vitro cell cultures as well as experiments on animals.
Clinical trials are also presented regardless of whether the effect of IFNy was
favorable or not. The book is aimed at medical doctors, pharmacists, bio-
chemists and molecular biologists, medical students, and biologists and also
businessmen interested in high biotechnology.

2800+
2600
2400+
2200+
2000+
1800+
1600+
1400
1200
1000+
800
600+
400+
200+
04

Number

81 83 85 87 89 91 93 95 97 99
Year

Figure 1 Number of publications concerning IFNY for the corresponding year.
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The various diseases discussed here are briefly characterized in relation
to IFNy. Interferons o and B as well as some other cytokines are often
mentioned, but only as far as their effect as compared to that of IFNYy or their
combination with it is discussed.

Reviews on the properties and application of IFNy are published every
year. Some of them are listed below arranged by year of publication:

Billiau 1981; De Grado et al 1982; Epstein 1982; Gray and Goeddel 1982;
Adolf 1985; Bottomley and Toy 1985; Dianzani 1985; Fisher and Grant 1985;
Giovanni and Rossi 1985; Joklik 1985; Vilcek et al. 1985b; Kirchner 1986; Revel
and Cheboth 1986; Branca 1987; Pestka and Langer 1987; Stanton et al. 1987;
Gastl and Huber 1988; Langer and Pestka 1988; Mechti et al. 1988; Schiller
and Borden 1988; Borecky 1989; Foon 1989; Romeo et al. 1989; Strander 1989;
Gresser 1990; Young and Hardy 1990; Baron et al. 1991; Sen and Langyel
1992; Zhang et al. 1992; Aulitzky et al. 1993; Farrar and Schreiber 1993;
Gunther and Otto 1993; Degre 1996; Tannenberger and Hrelia 1996; Johnson
et al. 1998.

The authors acknowledge that FRN Grant No. D1998-1305:6 (Seedan)
partly sponsored the writing of this book.
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Abbreviations

aa — amino acid residues

aFGF — acid fibroblast growth factor

AFP — alfa fetoprotein

ALL — acute lymphatic leukemia

AML — acute myelogenic leukemia

APC — antigen-presenting cells

Ara-C — cytosine arabinoside

AZT — azidothymidine

bFGF — basic fibroblast growth factor

bp — base pair

cdc — cyclin-dependent kinase
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CML — chronic myelogenic leukemia

CNS — central nervous system
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CSF-G — granulocyte colony-stimulating factor
CSF-GM — granulocyte-macrophage colony-stimulating factor
CSF-M — macrophage colony-stimulating factor
dsRNA — double-stranded RNA

DTIC — dacarbazine

EGF — epidermal growth factor

G-CSF — see CSF-G

GM-CSF — see CSF-GM

GRO — growth-regulated oncogene

GTP — guanosine triphosphate

GVHD — graft-versus-host-disease

3-HAA — trihydroxyanthranylic acid

HCC — hepatocellular cancer

HIV — human immunodeficiency virus

HLA — human lymphocyte antigen

HPV — human papilloma virus

HS — Herpes simplex

HZ — Herpes zoster

ICAM — intercellular adhesion molecule
ICSBP — interferon consensus sequence binding protein
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TNF — tumor necrosis factor
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chapter one

The cytokine family

Cytokines are an important group of proteins realizing intercellular commu-
nications among cells of the same tissue (paracrine) or of different tissues
(endocrine). Such communications are essential for the correct synchronized
reactions of the cells of different tissues. In the literature different designa-
tions are used to denote these factors: lymphokines, monokines, interleukins,
and growth factors, which are now unified under the common name cytok-
ines. The main cytokines include interleukins 1 to 18 (IL-1 to IL-18); interfer-
ons a, B, and v (IFNo, IFNB, and IFNY, respectively); tumor necrosis factors
o and B (TNFo and TNEB); colony-stimulating factors — granulocyte, mac-
rophage, and granulocyte-macrophage (CSF-G, CSF-M, CSF-GM, respec-
tively); basic and acid fibroblast growth factors (aFGF and bFGF); and others.

Normally these proteins are synthesized in minute amounts and are
released under the effect of very specific local stimuli. They exert their action
on target cells through binding to highly specific receptors on the surface
of these cells. Different cytokines have synergistic as well as antagonistic
interactions. A typical example is the antagonistic relations of cytokines
produced by the helper T lymphocytes, Thl and Th2 (Reynolds et al. 1987;
see Figure 1.1).

The Th1 group of CD4+ T helper cells synthesizes type I cytokines (IL-2,
IFNY, and IL-12) and is responsible for the cellular immunity (see Chapter 3,
Section 3.3). The Th2 group of T cells synthesize type II cytokines (IL-4, IL-5,
IL-6, IL-10, IL-13) and stimulate humoral immunity. Th1 cells are responsible
for the delayed-type hypersensitivity (for review, see Black 1999), a reaction
obtained also by stress (Dhabhar et al. 2000). There are also Th0 helper
lymphocytes which synthesize both types of cytokines.

The CD4+ helper cells, depending on a number of factors, respond to
antigens by developing either a Thl or a Th2 phenotype (Karp and Chan
1994). One such factor is the balance between IL-12 and IL-4, with the former
stimulating the Thl and the latter the Th2 response (Chen et al. 1996).
According to some data, IL-12 and PrE2 determine the level of IFNy pro-
duced by activated CD4+ cells (Hilkens et al. 1996a). PrE2 inhibits cellular
immunity by increasing the level of cAMP which in turn activates protein
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6 Immune interferon: Properties and clinical applications

Mutual repression

Thl — < Th2
l l
l l
d l
(IFNy, IL-2, IL-12) (IL-4, IL-5, IL-6, IL-10, IL-13)
d )
d d
l l
CELLULAR IMMUNITY HUMORAL IMMUNITY

Figure 1.1 Relationship between two types of T helper lymphocytes.

kinase A (PKA). This leads to a decreased production of IL-2 and also a
decreased concentration of IFNy (Uotila 1996). However, although there are
numerous data showing that the two groups of cytokines have an antago-
nistic relationship and mutually suppress each other (e.g., Rabin et al. 1986;
Snapper and Paul 1987; King et al. 1993; Larner et al. 1993), there are also
reports in disagreement with this antagonism. For example, it was reported
that in HeLa cells IFNy induced the expression of IL-6, which is a Th2
cytokine (Faggioli et al. 1997). In general, the balance between Thl and Th2
cytokines depends on many factors (for review, see Romagnani 1999), among
which are the nature of the antigen, the genetic background of the host, and
the cytokines involved in the primary interaction of T cells with the antigen-
presenting cells. In addition, it was discovered that the level of glutathione
in these cells is also of importance (Peterson et al. 1998).

The interactions among the cytokines within the Thl group are very
important, too. As we shall see, the treatment of a number of malignant
diseases includes a combination of Thl cytokines such as IFNy combined
with IL-2 or IL-12. It appears that the effect of the two cytokines (IL-2 and
IL-12) is partly due to the fact that they induce secretion of IFNYy. The Eta-1
cytokine, called osteoporin, also plays an important role in the development
of a Thl response by stimulating the synthesis of IL-12 and IFNy and sup-
pressing the expression of IL-10 (Ashkar et al. 2000). For the relationships
within the network of cytokines, see Koyano-Nakagawa and Arai (1996).

Concerning the B cells in humans, the Th1 cytokines IFNy and IL-2 have
a stimulatory effect on the production of IgG2a, whereas the Th2 cytokines
IL-10 and IL-4 (previously called B-cell growth factor, BGF-1) induce pro-
duction of IgG1 and IgE.

Depending on whether one or another cytokine is dominant, the conse-
quences are different. For example, defective production of IL-2 leads to a loss
of the delayed-type immune hypersensitivity and increased level of IL-4 leads
to an overproduction of IgE, whereas a high level of IL-5 results in hypereo-
sinophilia (Clerici et al. 1997b; Di Piro 1997). The inhibition by IL-10 of the
production of superoxide anions is found to be connected with the suppression
of genes coding for the subunits of the NADPH oxidase (Kuda et al. 1996).

The activity of the Thl subpopulation is connected with the expression of
the surface antigen CD26 (dipeptidyl peptidase IV). Cultivation of peripheral
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Chapter one: The cytokine family 7

blood mononuclear cells in the presence of IFNYy or IL-12 results in expression
of a Th1, whereas the presence of IL-4 determines a Th2 phenotype (Willheim
et al. 1997). The transmembrane molecule CD30 is a marker for the Th2 sub-
population and it correlates with a low production of IFNY (Leonard et al.
1997). These markers are used to determine the T helper cell phenotype.

The complete activation of the T cells requires two different signals: one
through the T-cell receptor (TCR) and a second, costimulatory one through
the binding between the CD28 and B7 surface antigens. Blockage of this
interaction changes the differentiation of the Thl and Th2 subpopulations
both in vitro and in vivo. In experiments with Schisostoma mansoni-sensitized
mice it was shown that blockage of the CD28-B7 interaction with the antag-
onist CTLA4Ig led to an increased level of IFNYy associated with a consider-
able decrease in the IL-4 and IL-5 levels, in the number of eosinophils in the
bronchoalveolar lavage, and in the peribroncheolar infiltrates as well as in
the hyperplasia of mucoid cells. Therefore, inhibition of the costimulatory
signal leads to a decreased secretion of Th2 cytokines and an increased
secretion of Thl cytokines (Padrid et al. 1998).

The hypothesis was postulated that the shift from a Thl to a Th2 pheno-
type was due to zinc deficiency (Sprietsma 1997) and that lead suppressed
the Thl and stimulated the Th2 response (Heo et al. 1998).

In general, disturbance of the cytokine production or disturbed expres-
sion of their receptors lead to serious disturbances in the cell growth and in
the immune response.

Finally, it should be mentioned that the chemokines (a superfamily of
polypeptide mediators which play a key role in T helper cell migration)
determine the selective migration of Thl and Th2 cells in response to the
expression of different chemokine receptors (Bonecchi et al. 1998).
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chapter two

Interferon gamma

2.1 Differences between IFNyand IFNo/3

The main differences between IFNY (type II) and IFNo/p (type I) are shown
in Table 2.1 and are summarized as follows:

Different primary structure.

The IFNo/ genes are not split, whereas the IFNy gene has introns.

IFNo/f share a common receptor that is different from that of IFNy.

The two types of interferons induce or suppress the synthesis of

different proteins (see Table 2.2 and Chapter 3, Section 3.4).

¢ IFNov/B stimulate mainly the activity of the natural killer (NK) cells,
whereas IFNy stimulates mainly the macrophages.

e IFNovp are stable at pH 2.0; IFNYy is acid labile.

¢ Differences are in the signaling pathway leading to the corresponding

activity.

The different receptors and the differences in the metabolic signaling
pathways open avenues for a combined clinical use of IFNy and IFNP
(Schiller et al. 1986, 1987, 1990a,b) or IFNy and IFNa (Brunda and Wright
1986). In the latter case, the possible effect of IFNy on the IFNa receptor has
to be taken into consideration. This effect seems to depend on the cellular
type. In the neuroblastoma cell line T98G, IFNY suppresses the binding of
IFNa to its receptor, possibly by affecting its dissociation constant (Kd)
(Hannigan et al. 1984). In other tumor cell lines (melanoma HMV-1, kidney
carcinoma ACHN, Daudi lymphoma), IFNYy induces the receptors of IFNo
but only under the condition that IFNy preceded the treatment with IFNo
(Ishii and Tsukagoshi 1989).

2.2 INFyproducing cells. Inducers and inhibitors.
Effect of aging

Judging by the presence of mRNA, IFNY, unlike IFNa, is not constituitively
produced (Tovey et al. 1987). In many experiments, however, the control

9
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Table 2.1 Differences between interferon type I (IFNo./B) and type II (IFNYy)

IFNa

IFNB IFNy

Main producers B lymphocytes,
macrophages

Inducers Viruses, dsRNA,?

Fibroblasts,
epithelial cells
Viruses, dsRNA 2

T lymphocytes

Viruses, mytogens,

microbial proteins, microbial phorbol esters,
organic polymers  proteins, organic ~ Ca ionophores
polymers
Number of genes More than 20 1 1

Species specificity Relatively specific Higher species Species specific

specificity
Chromosomal 9 9 12
localization
Number of 143 145 143
amino acids
Molecular mass (kDa) 17.5-23 18-23 17
Acid stability Stable Stable Labile
Hydrophobicity + +H++ ++
Induction of antiviral Rapid Rapid Slow
state

a Double-stranded RNA.

Table 2.2 Modulation of gene activity by IFNy

Stimulated or induced activities Repressed activities

MHC class I (human HLA -A, -B, -C; mouse H2) Oncogenes (e.g., c-myc, c-ras, c-sis)
MHC class I (human HLA -DR, -DQ, -DP; mouse Ia) Transferrin receptors

2’,5’- oligo-A-synthetase 50-kDa keratin

Protein kinase Ornithin decarboxylase
Receptors of: e.g., TNF, IgE, Fc, IgG, IL-2 Heavy chain of IgM

IgG2a Collagen
Guanylate-binding proteins Smooth muscle o-actin
Tissue transglutaminase Stromelysine
IFNY-inactivating factor Collagenase

67 kDa keratin

TNF,; IL-2; CSF-1; MCP-1
Indoleamine-2,3-dioxiganase
NO synthase

organisms have shown a low level of IFNy mRNA expression. This is due
to the complex factors capable of inducing the synthesis of IFNy. The latter
is secreted by T lymphocytes (Th1l and ThO) and also by the large granular
lymphocytes (Young and Ortaldo 1987) upon their activation by T-cell mito-
gens, antigens, interleukins IL-2, IL-12, phytohemaglutinin (PHA), phorbol
myristate acetate (PMA), concavaline A (ConA), plant lectins, bacterial
lipopolysaccharides (LPS), and other agents (Ennis and Meager 1981;
Marcucci et al. 1981; Nathan et al. 1981; McKimm-Breschkin et al. 1982; Vilcek
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et al. 1985a,b; Wada et al. 1985; Blanchard et al. 1986; Young et al. 1986; Croll
et al. 1987; Heslop et al. 1989; Ye et al. 1995). There are data showing that
B cells also can be activated to produce IFNy (Dayton et al. 1992).

The synthesis of IFNY is controlled mainly at the level of transcription.
Cells primed with IFNy produce more of this cytokine when treated with
inducing agents (Waranowska-Stewart et al. 1980; Toth et al. 1985). Phorbol
esters and Ca ionophores act synergistically to increase the expression of
IFENYy (Albert et al. 1985). Some growth factors such as platelet-derived
growth factor (PDGF), epidermal growth factor (EGF), and fibroblast growth
factor (FGF) also increase its production (Johnson and Torres 1985). A super-
induction of IFNY is observed after exposure to low doses of gamma radia-
tion and treatment with cycloheximide. This suggests the presence of a
protein which prevents at a posttranslational level the accumulation of IFNy
(Lebendiker et al. 1987). Prolactin at a concentration of 10-® M can consider-
ably increase the level of IFNYy (Cesario et al. 1994). It has been reported that
aspirin also increases the production of IL-2 and IFNy (Hsia et al. 1989).

When IFNy is combined with bacterial lipopolysaccharides (which is
often recommended because of their synergistic action), it should be taken
into account that prolonged incubation of macrophages with this combina-
tion may lead to inactivation of NO-synthase, an enzyme important for their
antibacterial activity (see Chapter 3, Section 3.5; Vodovotz et al. 1994).

In experiments with mice it has been shown that ethanol suppresses the
function of the Thl lymphocytes, whereas that of the Th2 lymphocytes
remains unaffected or is increased. This is due to a direct effect of the ethanol
on the antigen-presenting cells (APC) which determine whether the Th1 or
Th2 phenotype will prevail (Waltenbaugh et al. 1998). Ethanol suppresses
the production of IFNy in mouse splenocytes stimulated in vitro with LPS
and ConA (Chen et al. 1993b). Experiments with volunteers have shown that
the effect of a moderate intake of ethanol on cytokine production is biphasic:
There is an increase of Thl cytokines (IL-12 and IFNY) after 4 hours and a
decrease of IFNY after 16 hours (Szabo 1998).

Concerning the effect of smoking, a defective response of the lung mac-
rophages to IFNy was found in healthy smokers (Rose et al. 1986).

There are data showing that vitamin D, and its derivative 1,25-OH,-D;
inhibit the secretion of IFNy without affecting the secretion of IL-4 (Lemire
et al. 1995), although vitamin D; is used in combination with IFNY to induce
differentiation in some tumors.

As already mentioned, production of IFNY is suppressed by cytokines
produced by the Th2 lymphocytes (see Chapter 1). Natural inhibitors of IFNy
have also been reported which probably play a role in the local regulation
of its activity (Letkowithz and Fleischmann 1986a,b; Vedrenne et al. 1997).
It has been shown that heparin inhibits the activity of IFNy (Daubener et al.
1994), whereas protamin has a stimulatory effect (Daubener et al. 1996). There
are data indicating that increased plasma concentrations of cortisol result in
decreasing the IFNY activity (Spath-Schwalbe et al. 1989).
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Aging diminishes the ability of the T cells to produce IFNy and IL-2
without affecting the production of IL-4 and IL-6, thus leading to an imbal-
ance between Th1 and Th2 cells, i.e., between cellular and humoral immu-
nity (Candore et al. 1993). It was observed in mice that the decreased
production of IFNy with age may be reversed by oral administration of zinc,
which is explained by the activation of protein kinase C (PKC) and its
binding to the membrane of the T lymphocytes (Grasso et al. 1992). In adult
rats the decreased bactericidal activity of leukocytes can be recovered by
IFNYy (Fu et al. 1994).

2.3 Structure and physicochemical properties of IFNy

IFNy was isolated and purified to homogeneity in 1982. In the body it is
released in minute amounts, which seriously complicates the preparation of
natural IFNY for scientific and clinical purposes. This problem was solved
by recombinant DNA technology (gene engineering) (Devos et al. 1982; Gray
et al. 1982b; Jay et al. 1984) which made it possible to produce human IFNy
in large quantities for studying its structure, properties, biological activities,
and medical applications.

2.3.1 The molecule of human IFNy

IFNYis synthesized as a protein precursor composed of 166 amino acids (aa),
a part of which belong to the so-called signal sequence. The latter is cleaved
off by specific proteases during protein synthesis and the mature form of
IFNY is secreted (Devos et al. 1982; Gray et al. 1982a). The exact length of
the signal peptide (20 or 23 aa) has long been debated, but now the accepted
belief is that it consists of 23 aa. This means that the mature form of IFNYy is
composed of 143 aa. As seen in Figure 2.1, the human IFNy is a rare case of
a natural protein devoid of cysteine residues. This does not hold true for
IFNYy of other animal species. Chicken IFNY, for example, has in its molecule
two cysteine residues located in its C terminus (Michalski et al. 1999).

The tripeptide Cys-Tyr-Cys, which was considered for a long time to be
a part of the N terminus of the mature IFNYy, is now accepted to belong to the
C terminus of its signal peptide. There are data showing that the presence of
this tripeptide in the IENymolecule slightly decreases its antiviral activity (Hsu
et al. 1986). The mature form of human IFNy contains 26 basic aa (18 lysine
and 8 arginine residues) which give the protein markedly basic properties.

Unlike IFNa and IFN, which are not glycosylated, there are two centers
of glycosylation in the natural IFNy — Asn-25 and Asn-97 (Sareneva et al.
1994). The glycan at Asn-25 is composed of hybrid structures and fucosyl
complexes, whereas that at Asn-97 consists of a mixture of high molecular
mass mannose and hybrid residues (Mrtz et al. 1996). Glycosylation of
human IFNY is important for its synthesis and stability in the cell but not
for its activity (Arakawa et al. 1986a). Inhibition of glycosylation with

© 2002 by CRC Press LLC



Chapter two: Interferon gamma 13

IGIn Asp Pro Tyr Val Lys Glu Ala Glu Asn®®
Leu Lys Lys Tyr Phe Asn Ala Gly His Ser?
Asp Val Ala Asp *Asn Gly Thr Leu Phe Leu®
Gly Ile Leu Lys Asn Trp Lys Glu Glu Ser®
Asp Arg Lys Ile Met Gln Ser Glu Ile Val®
Ser Phe Tyr Phe Lys Leu Phe Lys Asn Phe®
Lys Asp Asp GIn Ser Ile Gln Lys Ser Val™
Glu Thr Ile Lys Glu Asp Met Asn Val Lys®
Phe Phe Asn Ser Asn Lys Lys Lys Arg Asp®
Asp Phe Glu Lys Leu Thr *Asn Tyr Ser Val'®
Thr Asp Leu Asn Val Gln Arg Lys Ala Ile'?
His Glu Leu Ile Glu Val Met Ala Glu Leu'?®
Ser Pro Ala Ala Lys Thr Gly Lys Arg Lys!%
Arg Ser GIn Met Leu Phe Arg Gly Arg Arg!4
Ala Ser GIn'#

Figure2.1 Amino acid sequence of human IFNY. The bold-labeled amino acid residues
form the six o-helices. * Sites of glycosylation in vivo.

tunicamyvcin sharply decreases the synthesis of IFNY, but it does not affect
its secretion (Sareneva et al. 1986a). Experimental data show that glycosy-
lated and nonglycosylated IFNy have the same antiviral activity (Arakawa
et al. 1986a) and stimulate to the same extent the tumoricidal activity of
macrophages (Varesio et al. 1986). According to some data, the recombinant
nonglycosylated IFNy has an even higher biological activity than the natural
glycosylated IFNY. Its antiviral activity against the Sindbis virus develops
faster and is severalfold higher than that of the natural IFNy (Gomi et al.
1985). It is possible that glycosylation prolongs the half-life of IFNYy in the
blood (Sareneva et al 1993).

The three fractions described in the natural IFNy with molecular masses
of 17, 20, and 25 kDa (Kelker et al. 1983a,b; Braude 1984) correspond to
proteins of different extent of glycosylation. There are data that the glycosy-
lated IFNY is more resistant to proteases (Sareneva et al. 1995).

The uneven distribution of basic aa in the IFNy molecule is a prerequisite
for specific protease attacks. This explains the heterogeneity in the molecular
mass of the nonglycosylated IFNYy observed in natural and in recombinant
IFNY preparations. Together with the main fraction corresponding to a 143-aa
protein, truncated forms are often found both in natural and in recombinant
IFNY preparations. The most typical of them are composed of 138, 131, or
128 aa. As it may be deduced from Figure 2.1, they all are products of
proteolytic attacks at the sites of Lys and Arg corresponding to proteins
having deleted 5, 12, or 15 C-terminal aa.

Obviously, the heterogeneity of the IFNy molecule is due to two pro-
cesses: (1) various degrees of glycosylation and (2) proteolytic cleavage at
the C terminus (Bulleid et al. 1990; Curling et al. 1990; James et al. 1996).

Covalent dimers may also be found in preparations of IFNy, and their
content increases with the time of storage. Because the mature IFNy does not
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contain cysteine, it is obvious that the covalent dimer is not due to the formation
of intermolecular disulfide bonds. Although the chemical nature of covalent
dimerization of IFNY is not completely elucidated, it is believed that it occurs
during proteolysis. Upon proteolytic cleavage, the C terminus of one processed
polypeptide chain can be covalently attached to the N terminus of another.
According to some investigators, the C-terminal truncation occurs at Phe 137,
leading to a covalent bond formation between this aa and the N-terminal
methionine of another IFNy molecule (Lauren et al. 1993).

Studies with artificial recombinant covalent dimers of IFNYy in which the
N and C termini are linked by polypeptide linkers have shown that the
covalent dimerization does not affect receptor binding and therefore does
not interfere with IFNYy activity (Lunn et al. 1992a; Randal and Kossiakoff
1998; Landar et al. 2000).

Recently, we have observed accumulation of truncated forms as well as
covalent dimers of IFNY in highly purified (>99.5%) recombinant prepara-
tions on storage in solutions. The high degree of purity in this case is a reason
to conclude that no proteolytic enzymes are involved. It also is worth men-
tioning that the same truncated dimeric forms are found in the producing
cell lysates. This suggests that they also are formed in vivo. All these data
led us to conclude that the processing events affecting recombinant human
IFNY are due to chemical rather than to enzymatic reactions.

Most likely these reactions are connected with a nonenzymatic glycosy-
lation (glycation) involving the e-amino groups of lysine residues. Subse-
quent reactions leading to the formation of Amadori products at the regions
enriched in basic aa could result in cleavage of the polypeptide chain and a
simultaneous formation of covalent dimers. A possible source of glycating
agents could be the 3-deoxyglucasone as well as other highly reactive com-
pounds from the carbohydrate metabolism (Mironova et al. 2001).

X-ray crystallography shows that 62% of the IFNy molecule is organized
in o-helices and no B-sheets are found. The o-helices form six domains
(designated as A, B, C, D, E, and F) linked with unstructured regions (see
Figure 2.2; Ealick et al. 1991). These studies also show that in aqueous solu-
tions with physiological pH and ionic composition IFNy forms noncovalent
homodimers, which represent the biologically active form of IFNYy (Devos et al.
1982; Yip et al. 1982; Yphantis and Arakawa 1987). The presence of tetramers
which dissociate to dimers has also been shown (Kudo and Kawano 1999).
The dimers bind to the cellular receptors. Within the noncovalent homodimer
the monomers are organized in an antiparallel fashion such that the N ter-
minus of one molecule is in close proximity to the C terminus of the other.
This structure is destroyed (denaturation) and the interferon is inactivated at
temperatures higher than 52°C and pH values outside the range of 4.0 to 9.0
(Rinderknecht et al. 1984; Hsu and Arakawa 1985; Arakawa et al. 1987;
Hoshino et al. 1987; Yphantis and Arakawa 1987). A reversible acid denatur-
ation, however, has also been observed (Arakawa et al. 1990). Thermal dena-
turation at pH 6 leads to formation of aggregates, which depends on the
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A B C

Figure 2.2 A model of the higher order structures of IFNy upon dissociation and
aggregation. The black and the white rectangles indicate the o-helical regions in the
two monomers. (A) Scheme of the relatively rigid dimer (according to Ealick et al.
1991); (B) the dimer dissociated into two conformationally flexible monomers;
(C) formation of irregular dimers prone to form inactive IFNy aggregates.

partial or a complete unfolding of the IFNy molecule. The latter is more stable
at pH 5, which is possibly due to protonation of one or both histidine residues
(Mulkerrin and Wetzel 1989). Other investigators have found that the revers-
ibility of the thermal denaturation of IFNy depends on the pH value and the
buffer concentration. In high buffer concentrations and pH values between 2
and 9, IFNy denaturation is irreversible. It becomes reversible at pH 3.5 to
4.5 and low buffer concentrations.

IFNYy also undergoes aggregation (and therefore inactivation) under
mechanical stress (Zlateva et al. 1999). Our unpublished data show that the
same events are induced by the surface tension of the solution. It has been
suggested that aggregation is preceded by some intermediate form prone to
aggregate (for details, see Kendrick et al. 1998). According to our observa-
tions, this form is represented by the monomers which are more susceptible
to aggregation due to their greater conformational flexibility as compared
to the more rigid dimers (see Figure 2.2). Such an assumption is supported
by the fact that decreasing the flexibility of the monomers by an artificial
disulfide bridge has a stabilizing effect on the IFNY, including its acid dena-
turation (Kontsek et al. 2000).

The interaction between the monomers in the IFNy dimer is very strong,
and some investigators believe that the latter can be destroyed by denaturation
only (Arakawa et al. 1987; Yphantis and Arakawa 1987; Nagata et al. 1993).

Measuring the intrinsic fluorescence of the single tryptophan residue in the
IFNymolecule, we have proven the existence of a dynamic equilibrium between
the dimeric and monomeric forms of IFNy with an equilibrium constant
of the order of 10 M at room temperature (Boteva et al. 1996, Nandi 1998).
Due to this equilibrium, the ratio between dimers and monomers depends
on the temperature and IFNYy concentration. The equilibrium between dimers
f2 and monomers f1 (f1 + {2 = 1) obeys the law of mass action, which makes
it possible to determine the monomer fraction by the formula:
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covalent tetramer —p

covalent dimer —p .

monomer

SN

truncated

A B

Figure 2.3 SDS electrophoresis of IFNy preparation (Gammaferon) containing dif-
ferent forms of the cytokine: monomers, truncated monomers, covalent dimers, and
tetramers. (A) Immunoblot of (B) (stained with Comassie) treated with a monoclonal
antibody to IFNy.

fi= ﬁ(\f’sn +1-1)

where M is the molarity of IFNY (calculated as the concentration of mono-
mers, regardless of whether they are in the dimeric or monomeric form),
and K; is the equilibrium constant of the dimer-monomer transition at
temperature T.

Besides truncated forms, monomers and dimers, a tetrameric form of IFNy
is often observed by gel electrophoresis (Langer et al. 1994; see Figure 2.3). It
has been shown that the formation of IFNy dimers does not depend on its
glycosylation (Sareneva et al. 1995).

2.3.2 The IFNy gene

IFNYy differs from the type I interferons in both structure and organization of
its gene. Whereas the genes of IFNa and IFN are noninterrupted (intronless),
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the gene of IFNYy contains four exons and three introns. Comparing the inter-
feron genes with other eukaryotic genes, we could say that IFNo. and IFNB
represent an exception, whereas the gene of IFNy is a typical split eukaryotic
gene. It spans over 6000 bp and is located on chromosome 12 (12q24.1) (Trent
et al. 1982).

IFNYymRNA is 1200-nt long and codes for a protein of 166 aa. It is detected
in the cytoplasm of T lymphocytes 6 to 8 hours after induction, and it reaches
its maximum level after 12 to 24 hours. The protein itself can be detected 8 to
12 hours after induction, and the maximum level is reached after 18 to
24 hours, which approximately coincides with the mRNA maximum level.

2.3.3  Molecular structure and biological activity of IFNy

In general, the protein precursors (the preproteins) are biologically inactive.
In this respect, interferons, including IFNY, are an exception. Nonprocessed
interferons that contain a part of or the entire signal sequence are biologi-
cally active and also exhibit antiviral activity comparable to that of the
mature forms. This is one of the reasons it was debated for such a long time
whether or not the three aa Cys-Tyr-Cys belong to the signal peptide
(see above). However, the deletion of any aa residue from the N terminus
of human IFNy leads to a sharp decrease or a complete loss of its biological
activity. The latter is also suppressed by monoclonal antibodies specific to
the N-terminal part of the IFNy molecule. These data led to the conclusion
that the N terminus of IFNy is important for its binding to the receptor and
manifestation of its biological effects (Hogrefe et al. 1989). However, both
ends of IFNyare important for receptor binding and for its biological activity
(see Chapter 4).

The N-terminal part of IFNybinds to the extracellular part of the receptor
(aa 95 to 120) and the C-terminal end to the intracellular part (aa 253 to 287)
(Szente and Johnson 1994). The role of the N-terminal o-helix A and the
AB loop for protein stability has also been proven (Waschutza et al. 1996).

The role of the C-terminal region for IFNy activity has been extensively
studied, but the results obtained are controversial. This question is of great
importance, since, as it was mentioned before, the C terminus of IFNYy is rich
in basic aa and it contains “hot spots” for proteolysis. For this reason, natural
and recombinant interferon preparations often contain C terminal truncated
forms. Their content is shown to depend on the type of producing cells (Pan
et al. 1987; Sano et al. 1987, Goldman et al. 1997; Vassileva et al. 2000;
Mironova et al. 2001). There are conflicting results in the literature concerning
the biological activity of the IFNy truncated forms and therefore the role of
the C-terminal aa for the IFNy activity.

The role of the latter has been studied by four different approaches:
(1) truncation of the C terminus by proteolysis; (2) blocking C-terminal aa
by specific antibodies; (3) obtaining truncated forms by systematic deletion
of the IFNYy gene and its expression in bacteria; (4) mutation analysis.

© 2002 by CRC Press LLC



18 Immune interferon: Properties and clinical applications

1. One group of investigators has found that proteolytic cleavage of aa
from the C terminus affects the activity of IFNYin a different way. For
instance, removal of four C-terminal aa does not affect its activity.
However, if 15 aa are cleaved off, there is a sharp decrease in the
interferon-binding ability to its receptor, and therefore a decrease in
activity (Arakawa et al. 1989). Elimination of 13 amino acids does not
change the conformation and dimerization of IFNY, but it decreases
1000-fold its antiviral activity (Arakawa et al. 1986b). In another
experiment truncation of the C terminus by 7, 14, and 15 aa has shown
that the lack of 7 aa does not affect activity, cleavage of 14 aa has a
strong activity-decreasing effect, and deletion of 15 aa prevents IFNy
binding to its receptor and leads to a loss of activity (Haelewyn et al.
1997). Cleavage between the 129th and 130th aa residues (i.e., loss of
14 aa) is also related to a 1000- to 2000-fold decrease in receptor-
binding ability at 4°C resulting in a 50-fold reduction in IFNy antiviral
activity (Leinikki et al. 1987). Opposite results were obtained by
(Zhang et al. 1992) showing that IFNYy devoid of 15 C-terminal aa was
still biologically active.

2. The use of antibodies specific to different C-terminal epitopes (Favre
et al. 1989; Lord et al. 1989) has led to the conclusion that this end
and especially the 15 C-terminal aa are not important for the biological
activity of IFNY. In contrast to these results, antibodies against the 132
to 146 aa domain were reported completely to neutralize the antiviral
and antiproliferative activities of IFNY (Seelig et al. 1988).

3. Experiments with recombinant IFNy with various C-terminal dele-
tions gave also conflicting results. According to some data, elimination
of 14 or more aa from the C terminus decreased the IFNY activity to
2% of that expressed by the wild-type molecule. However, deletion
of 11 C-terminal aa increased the antiviral activity, especially if the
C-terminal aa was leucine. It is interesting that a biologically inactive
IFNYy variant truncated by 20 aa preserved its capability of forming
dimers. Judging by the CD (circular dichroism) spectra, it had the
same secondary structure as the full-size IFNy (Slodowski et al. 1991).
Anine-aa deletion from the IFNy C terminus led to a sevenfold higher
specific activity which remained unchanged after removal of the next
two aa. Further truncation of the molecule, however, decreased its
activity to 1% of the maximal level (Lundell et al. 1991).

Using the same approach, other investigators have shown that the
C-terminal part is of crucial importance for the antiviral, antichlamydial
and antiproliferative activities of IFNy (De la Maza et al. 1987a,b). In
contrast to these results are the data of several Japanese investigators
who used the same truncated recombinant constructs. They reported
that elimination of 19 to 23 C-terminal aa did not affect the IFNy
antiviral activity (Sakaguchi et al. 1988). The data from another study
(elimination of 21, 26, 32, or 37 C-terminal aa) indicated that truncation
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of more than 26 aa led to a complete loss of IFNy activity, whereas
deletion of 21 aa decreased its activity two to three times only. From
these data, it was concluded that the C-terminal 21 aa were not directly
involved in the IFNy function (Luk et al. 1990). Supporting results
were obtained with a truncated at Lys-133 chicken IFNy whose bio-
logical activity was found to be comparable to that of the full-length
protein (Michalski et al. 1999).

4. Data obtained by mutational analysis have shown that the C-terminal
domain (particularly positions 128 to 131) is important for the bio-
logical activity of IFNy (Wetzel et al. 1990). This is a region which is
affected by the deletion of more than 12 aa. The important role of
His-111 for the binding of interferon to its receptor has also been
shown (Lunn et al. 1992b).

As we shall see later (see Chapter 4), according to a number of data, the
basic sequence at positions 125 to 131 plays a critical role for the biological
activity of IFNY. This sequence is responsible for the nuclear localization of
the active complex of IFNy and its receptor. This means that removal of more
than 12 C-terminal aa should affect its biological activity. On the basis of an
electrostatic study, it was assumed that the C-terminal part contributes to
the low structural stability and propensity for aggregation of recombinant
IFNYy (Altobelli et al. 2001).

From this summary of the relationship between structure and biological
activity, it can be concluded that the presence of additional aa at the
N terminus, the absence of a number of C-terminal aa (probably up to 12 aa),
and also the loss of a polysaccharide component of the natural IFNy does
not essentially affect its biological activity. In other words, the biological
activity of IFNY is determined by the 130-aa-long core polypeptide in the
mature form of the protein. According to one study, phosphorylation of
serines 132 and 142 in the C-terminal domain increases only slightly the
activity of IFNy (Akinaga et al. 1987).

Although the role of the signal peptide (involved in the secretion of IFNY)
is clear, the role of the carbohydrate component can only be hypothesized.
Taking into consideration the susceptibility of recombinant IFNY to aggrega-
tion, it could be presumed that the glycosylation is related to its solubility
and stability in aqueous solution which would affect its half-life in the organ-
ism (see Section 2.3.1). There are also data indicating that the recombinant
IFNY binds to the same receptor as the natural interferon, but it binds with
higher affinity and is internalized more slowly (Akinaga et al. 1987).

As was already pointed out, the quaternary structure of IFNY (repre-
sented by the noncovalent homodimer) is of great importance for its binding
to the interferon receptor, i.e., for its biological activity. Since all higher
structures are directly related to the primary structure of the protein, it is
understandable that aa substitutions leading to drastic changes in the qua-
ternary structure of IFNy will have a negative effect on its activity.
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2.4 IFNyreceptors

The biological activity of IFNY is realized by its binding to specific receptors
localized on the cell membrane (for review, see Langer and Pestka 1988). As
was mentioned before, although IFNo and 3 share a common receptor, IFNy
has a different one (Branca and Baglioni 1981; Merlin et al. 1985). Binding
to the receptor is a necessary but not sufficient condition for the expression
of the IFNy biological activity. The affinity of IFNYy for its receptor is not
always a measure of its activity (Jabbar and Twentyman 1990). The receptor-
interferon complex has to be internalized by endocytosis which initiates a
cascade of processes reaching the nucleus (see Chapter 4).

During the last decade, in parallel with INFy, the molecule of its receptor,
IFNYRo, has also been extensively studied. Numerous immunochemical,
radiochemical, and cytochemical studies have unambiguously shown that
the cells have only one type of IFNYy receptor, and it is present in all cells
with the exception of the anuclear erythrocytes. The number of IFNY recep-
tors on the cell surface depends on the cellular type and varies between 200
and 60,000, being usually about 2,000 to 4,000 (for review, see Branca 1988).
It is interesting to point out that even thrombocytes carry up to 300 IFNy
receptors (Molinas et al. 1987), which is believed to be connected with their
transport within the circulatory system. The number of IFNY receptors is
especially high on the surface of cells of the skin, nervous tissue, and tro-
phoblasts of the placenta where their number is 10 to 100 times higher than
that of hematopoietic cells. A rich and convenient source of IFNY receptors
is the placenta (Stefanos et al. 1989). There are data that dexamethasone
increases the number of IFNy-binding sites (Strickland et al. 1986; Diez et al.
1987). It is interesting to mention that prostaglandin E2 (PgE2) increases the
number of IFNYy receptors on the CD8+ suppressor T lymphocytes and is
necessary for their differentiation (EIMasry and Rich 1989).

Although the IFNYy receptor has a membrane localization, several studies
have shown that it is distributed between the cell membrane and the cyto-
plasm in a 1:2 to 1:4 ratio (see Bach et al. 1997).

The human IFNYRa receptor is a glycoprotein composed of 472 aa, which
correspond to a molecular mass of 52.5 kDa. Actually its molecular mass is
larger due to glycosylation (the protein having five sites for this modifica-
tion). Lower molecular mass products have been described as a result of
degradation (Mao et al. 1989). Glycosylation is not of direct importance for
IFNy binding to the receptor, but it appears to be important for the correct
conformation of the protein in the plasma membrane (Fischer et al. 1990).

Several fractions of IFNYRa corresponding to the different extent of
glycosylation have been characterized. It has been determined that the com-
pletely glycosylated forms only (80 and 95 kDa) are localized on the plasma
membrane. This polypeptide chain contains ten cysteine residues (Farrar
and Schreiber 1993), but according to another study, there are eight cysteine
residues in the polypeptide chain (Stuber et al. 1993). The cysteine residues
form disulfide bridges, which are important for the interferon binding.
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If they are disrupted by reducing agents, IFNY is released from the complex.
Structural analyses show that all potential sites for N-glycosylation are occu-
pied. The IFNYRo also contains O-glycosylation sites, which have not yet
been well characterized.

Three domains can be distinguished in the a-chain (see below) of the IFNy
receptor: extracellular (228 aa), intracellular (221 aa), and a transmembrane
domain composed of 23 aa. The extracellular domain includes the N-terminal,
the intracellular domain — the C-terminal part of the molecule. The glycosy-
lation sites are localized mainly in the extracellular domain (Bach et al. 1997).

The gene of human IFNYRa (3000 bp) contains seven exons and six
introns and is localized on chromosome 6 (q16 to q22) (Rashidbaigi et al.
1986; Bach et al. 1997). It produces a 2300-nucleotide (nt) mRNA which
encodes a protein of 472 aa.

Employing an original approach, it was shown that the production of
a functionally active IFNYy receptor depends not only on the normal func-
tioning of its gene on chromosome 6 but also on other frans-acting genes
localized on chromosome 21. To this end, hybrid mouse-human cell lines
were used containing the complete mouse chromosome set and one or two
human chromosomes.

The technique of cell hybridization was developed more than two
decades ago. With the help of membrane-active substances, such as poly-
ethylene glycol, capsids of the Sendai virus, and others, it is possible to fuse
plasma membranes of two or more heterologous cells. After the first cell
division, the nuclear material of the resulting heterokaryon is fused, and
during the subsequent cell divisions, a systematic loss of chromosomes of
one of the cell types occurs. Hybridization of human and animal cells usually
leads to a selective loss of human chromosomes. After a certain number of
cell divisions, stable cell lines are obtained containing the complete set of
the animal chromosomes and one to two human chromosomes. The hybrid
cells thus obtained are a valuable model for studying the function of a group
of genes separated from the rest of the genes in a particular genome.

It has been shown that hybrid mouse-human and hamster-human cell
lines bearing only human chromosome 6 produce nonfunctional human IFNy
receptor. Unlike these cells, cell lines containing both human chromosomes 6
and 21 produce a functional IFNy receptor and respond to IFNY. Mouse cells
and hybrid cells containing human chromosome 6 only are not responsive
to human IFNy (Pestka 1992; Bach et al. 1997).

Thus, these experiments showed that two subunits of the IFNY receptor
are needed for the transmembrane signaling leading to changes in gene
activity — one designated the o-chain (IFNYRa) and an additional protein
factor called the B-chain (IFNYR). The gene of this factor coding for a 1800-
nt mRNA is localized on chromosome 16 in mice (Hibino et al. 1991) and
on chromosome 21 in humans (Jung et al. 1987; Farrar and Schreiber 1993;
Soh et al. 1994; Bach et al. 1997). This factor — which possibly represents a
whole family of factors — does not have an affinity for IFNy by itself.
However, it is mobilized by the interferon-receptor complex Ra,, and thus a
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new complex is formed. The B-subunit interacts with the extracellular part
of the a-subunit (Hibino et al. 1992; Kalina et al. 1993). It is presumed that
there are different B-subunits responsible for various biological effects in
different cellular types by inducing different metabolic pathways (Pestka
1992). Thus, the receptor oligomerization in the cell membrane initiated by
the ligand-receptor interaction leads to a cascade of reactions modulating
the transcriptional activity of the nucleus (see Chapter 4).

It is important to point out that in some cells IFNy was found to participate
in the regulation of the B-chain expression. Thus, T helper 1 (Th1) lymphocytes
which produce IFNY are insensitive to it lacking a B-chain. Th2 lymphocytes
which have a -chain respond to IFNY, and the latter can inhibit the expression
of this chain. In this way, IFNy can change the sensitivity of some cells to its
action (see Bach et al. 1995, 1997). This could explain the appearance of IFNy-
resistant cells after their long-term treatment with this cytokine.

It has been shown that the additional B-subunit is necessary for relaying
the signal for expression of the major histocompatibility complex (MHC)
type I molecules, the 2’,5-oligoadenylate synthetase and for inducing anti-
viral resistance (Kalina et al. 1993).

IFNybinds to its receptor with an extremely high affinity constant Ka = 10°
to 10" M~ (Cofano et al. 1986, 1989). Responsible for the ligand binding is
the extracellular domain (Fountoulakis et al. 1991). This is confirmed by
experiments with antibodies specific to different epitopes of the receptor
(Garotta et al. 1990). This domain is active even when separated from the
rest of the receptor (Littman et al. 1985). Unlike some data showing that the
IFNYy dimer binds to the receptor in a 1:1 stoichiometric ratio (Fountoulakis
et al. 1990a), newer data show that the ratio is 2:1, i.e., one IFNy dimer binds
two receptors each consisting of one o- and one B-chain (Fountoulakis et al.
1992; Bach et al. 1997). According to others, two dimers (equivalent to one
tetramer) bind the receptor and participate in its dimerization in order to
induce antiviral activity (Langer et al. 1994).

It seems that for binding to the receptor the N and C termini of IFNy
have to be juxtaposed, as they are in the dimer. This is supported by the
fact that synthetic peptides imitating the end domains of the dimer inhibit
the IFNy binding to its receptor (Seelig et al. 1994). There are also data
showing that antibodies to the N-terminal region of IFNy block its binding
to the receptor (Magazine et al. 1988). All these data prove the major role
of the N-terminal domain in the process of receptor binding.

Binding of IFNY to its receptors stimulates endocytosis, which leads to
internalization of the IFNYy-receptor complex (see Kushnaryov et al. 1988;
Finbloom 1990). In this way IFNY starts a metabolic pathway partially over-
lapping the processes induced by the other interferons (IFNo and IFNB).

Structure-function relationship studies (Aquet et al. 1988; Calderon et al.
1988; Fountoulakis 1989; Pestka 1992) have shown that the first six N-terminal
aa are not important for the function of the extracellular IFNYRo. domain,
whereas deletion or substitution of aa in the remaining region (6 to 227 aa)
leads to a decrease or a complete loss of its ligand-binding activity. Functional
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regions are also found in the intracellular domain of the IFNY receptor. The
receptor itself has a unique and unusual aa composition (25% of its aa are
serine and threonine) and does not share any homology to the known recep-
tor proteins.

It has been proven that the first 48 aa of the intracellular domain of the
IFNY receptor (localized immediately next to the membrane) are responsible
for the ligand-induced internalization, its disaggregation, and induction of the
corresponding biological response. The 39 C-terminal aa are also important
for induction of the IFNy biological response, and Leu-270 and Ile-271 are
crucial for the internalization and degradation of the receptor. Mutation anal-
ysis has shown that Tyr-440, Asn-441, and His-444 are of critical significance
for the biological activity of IFNY (Farrar et al. 1992). The functional importance
of the 388 to 449 region is proven by specific monoclonal antibodies, which
after intracellular microinjection block the cellular response to the receptor-
bound IFNYy (Aguet 1990). Overexpression of either human or mouse receptors
lacking the entire C-terminal domain or devoid of 39 C-terminal aa residues
or having a functionally important Tyr substituted with Ala leads to loss of
IFNY function. Cells expressing both the mutated and the normal receptors in
a 100:1 ratio do not respond to IFNY even in doses 30,000 times higher than
needed to induce a maximum response in normal cells (negative dominant
mutations) (Dighe et al. 1993). Concerning the B-subunit, it has been shown
that only the intracellular domain localized next to the membrane is important
for its function (Kotenko et al. 1995; Bach et al. 1996).

The extracellular domain of the IFNYy receptor can be enzymatically
cleaved off. This part of the receptor — soluble receptor (sIFNYRo) — is also
capable of binding IFNy with high affinity, thus inactivating it (Ozmen et al.
1993). It is interesting that some viral genomes (Alcami and Smith 1995 and
references therein) code for this soluble receptor and induce its synthesis
upon infection of the cells. These viral soluble receptors shedded in the
surrounding medium bind IFNy and deprive the cells of their antiviral
protection. Evidently, this is an adaptation allowing the virus to avoid the
antiviral activity of the IFNYy. The soluble receptor has also been cloned and
purified (Fountoulakis et al. 1990b; Michiels et al. 1998). It may have a
practical application for inactivating endogenous IFNy in some diseases
where this cytokine plays a pathogenic role, such as, for example, multiple
sclerosis (see Chapter 11, Section 11.3).

A number of data show that the high specificity of IFNYy is due to the
specific interaction of the extracellular part of the receptor with the N-terminal
part of IFNY. Three different kinds of experiments have shown that when
IFNY is directly introduced into the cytoplasm, its species specificity is lost:
(1) human IFNy introduced into mouse macrophages by liposomes stimu-
lates their tumoricidal activity (Fidler et al. 1985); (2) human IFNYy expressed
in mouse macrophages by a specific vector induces their antiviral activity
(Sanceau et al. 1987); (3) microinjection of human IFNY into mouse fibro-
blasts induces the expression of mouse Ia antigen (Smith et al. 1990; Johnson
et al. 1998).
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At first glance, these data contradict the idea that transmembrane sig-
naling is necessary to achieve the IFNy biological effects. However, they can
be explained by the species-nonspecific interaction between the intracellular
domain of the receptor and the C-terminal part of IFNy when it enters the
cytoplasm (Szente et al. 1994 a,b) (see Chapter 4).

Right after binding of IFNY to the receptors, the IFNYy-receptor complex
is rapidly internalized (in the course of minutes at 37°C) (Kushnaryov et al.
1988; Finbloom 1990). Once in the cytoplasm, the receptor can be recycled
in some cellular types or it can be degraded in others. There is also some
pool of receptors in the cytoplasm (Celada and Schreiber 1987). The appear-
ance of new unoccupied receptors on the cell membrane occurs usually 4 to
12 hours after internalization depending on the cellular type. This should
be taken into consideration in the clinical application of IFNy.

Formation of the ligand-receptor complex initiates a cascade of processes
which are discussed in Chapter 4.
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chapter three

Biological activities of
interferon gamma

Although IFNY is naturally produced in the organism in minute quantities,
it has an extremely important biological activity which is manifested as six
different effects — antiviral, antibacterial, antiproliferative, antitumor,
immunostimulatory, and modulation of gene activity. These activities are
species specific, which, as was previously mentioned, is due to the species-
specific interaction of IFNy with the N-terminal (extracellular) part of the
receptor (see Chapter 2, Section 2.4). Interestingly, it has been reported that
IFNo/B and IFNy from different species act synergistically when used in
combination (Piasecki 1987).

3.1 Antiviral activity

The role of IFNyin inducing an antiviral state of the organism is demonstrated
by the fact that mice lacking interferon receptors have a strongly decreased
resistance to viral infections (van der Broek et al. 1995). As an antiviral agent,
IFNY is considered to be 20 to 50 times less active than IFNo and IFN.
However, this is not always the case, because this activity depends on the
cellular type and the viral strain used. For example, the antiviral action of
IFNy against the Sindbis virus is severalfold higher and its onset is faster than
that of IFNa and B (Gomi et al. 1985). The specific antiviral activity of IFNy
is of the order of 107 to 5 x 107 IU/mg. When cells are exposed to this cytokine
they become resistant to viral infections (Horisberger and de Staritzky 1985;
Sedmak et al. 1985; Mistchenko et al. 1989). The combination of IFNy and
IFNB results in a synergistic antiviral activity (Gomi et al. 1986).

The antiviral activity of interferons is determined experimentally by
using standard cell lines (most often the human cell line WISH) and a suitable
virus (for example, the vesicular stomatitis virus, VSV) which has a cyto-
pathic lethal effect on the cells. The cells are cultivated in a suitable nutri-
tional medium. They are treated with interferon in different concentrations
and are then infected with the virus. The effect of the interferon is measured
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Figure 3.1 Testing the activity of IFNy by staining with neutral rot. Average results
from activity determination of four samples of Gammaferon eye drops. The dotted
line at 50% staining indicates the log of the activity (in this case 1.25 x 10° IU).

as the percentage of dead cells. The reciprocal value of the largest dilution
that protects 50% of the cells from the cytopathic effect of the virus is accepted
to give the concentration of interferon in international units (IU) in 1 ml.
The percentage of living cells is determined visually or by staining the
cells with neutralrot (which stains the living cells only) and measuring the
amount of retained stain (Armstrong 1981; Johnston et al. 1981) (Figure 3.1).
As already mentioned, all cells (except the anuclear erythrocytes and
some malignant cell lines) have IFNY receptors, which means that they can
exert their antiviral effects on all of them. The direct antiviral activity is due
to different mechanisms among which, at present, the following have been
reported (for details and references, see review by Pestka and Langer 1987):

1. Inhibition of protein biosynthesis through induction of the specific
protein kinase PI, which requires for its activity the presence of double
stranded RNA (dsRNA) (present during viral replication). This pro-
tein kinase phosphorylates and in this way inactivates the eIlF2a trans-
lation initiation factor.

2. Inhibition of protein biosynthesis through induction of three highly
specific enzymes: (a) 2’-5"-oligoadenylate synthetase, (b) 2’-5"-phos-
phodiesterase, (c) 2’-5-oligo-A-dependent RNAse.

a. The first of these enzymes, which also requires dsRNA for its
activity, catalyzes the synthesis of nontraditional oligoribonucleotides,
which have a 2’-5- instead of a 3’-5"-phosphodiester bond. The
abnormal oligonucleotides carry at their 5" end a pyrophosphate or
a triphosphate group and are composed of 3 to 12 monomers. The
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synthesis of the 2’-5"-oligoadenylates is adenosine triphosphate
(ATP) dependent.

b. The 2-5-oligoadenylates are not sensitive to cellular ribonucleases
and a specific 2-5-phosphodiesterase is synthesized for their deg-
radation. In this way an equilibrium is established between bio-
synthesis and degradation of the 2-5%oligoadenylates ensuring
their transient effect.

c. The third enzyme which is induced by the interferon is a specific
RNAse known as RNAse F or RNAse L, which requires 2~-5-oligo-
adenylates for its activity. It degrades various viral and cellular
RNAs. IFNy and IFN¢ also induce an adenosine-deaminase spe-
cific for dsRNA (Patterson et al. 1995).

The suppression of protein synthesis and the degradation of cellular RNA
pose a question of how the cell achieves the transition into an antiviral state.

As has been mentioned already, the activation of two of the enzymes
induced by IFNYy (protein kinase and 2’-5"-oligoadenylate synthetase) is
dependent on the presence of dsRNA, which is produced as an intermediate
during the replication of many viruses. The interferon induces the synthesis
of all these enzymes, but they remain inactive in the cytoplasm until the
appearance of dsRNA. In the presence of the latter, the latent enzymes are
activated, as also is activated the nonspecific RNAse F. In parallel with
cellular RNA, RNAse F also attacks the viral RNA. The end result of the
activity of the interferon-induced enzymes is the inhibition of viral replica-
tion. This is due to the fact that at the beginning of viral infection the virus-
specific RNA are few in number and they cannot be recovered after the
enzymatic damage. Unlike the viral RNA, the cellular RNAs are present in
numerous copies and are continuously synthesized in the nucleus. That is
why damage inflicted to them can slow down cellular functions only tem-
porarily, and they are recovered shortly after the effect of interferon is gone.

3. With adenoviruses, the antiviral activity of IFNy may be partly due
to a competition between signal transduction and transcription acti-
vator 1 (STAT-1), which is activated by IFNy, and the adenoviral
protein E1A. It has been shown that the C-terminal domain of STAT-1,
which is phosphorylated by the IFNy-kinase, interacts with a domain
of the transcription cofactor CB/p300 (a member of the CREB [cyclic
AMP response element binding] family of cofactors) which is the same
domain involved in the binding of the adenoviral protein E1A. The
latter is necessary for transcription of the viral genes, which cannot
occur because of the competition with STAT-1 (Zhang et al. 1996).

A line of evidence shows that during evolution protective mechanisms
have evolved that protect viruses from the antiviral effect of interferons (see
Sen and Lenguel 1992). One of these mechanisms is the inhibition of the
dsRNA-dependent protein kinase induced by IFNy (e.g., in adenoviruses,
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Epstein-Barr virus, human immunodeficiency 1 [HIV-1]). The vaccinia virus
and retroviruses synthesize proteins which bind to dsRNA and prevent
kinase activation. Other viruses inhibit RNAse L (e.g., in cells infected with
the EMC [encephalomyocarditis] virus). In cells infected with Herpes sim-
plex virus degradation products of 2’-5-poly A are formed, which inhibit
the activation of RNAse L by 2’-5-poly A. There are some viruses encoding
proteins which block the transcriptional activity of genes induced by inter-
feron. Other viruses encode the extracellular soluble domain of the IFNy
receptor (Alcami and Smith 1995). When shedded in the surrounding
medium, it binds IFNy (Michiels et al. 1998; Puehler et al. 1998), thus com-
peting with the cellular membrane receptors and preventing the onset of the
antiviral state. A soluble analogue of the IFNYy receptor (M17) which is
produced by the myxoma virus has the same inhibitory effect (Upton et al.
1992; Mossman et al. 1995).

A number of viruses (such as human and mouse cytomegaloviruses,
adenoviruses, herpes simplex virus) interfere with major histocompatibility
complex (MHC) I-dependent peptide presentation (see Chapter 3, Section 3.3).
The herpes simplex virus, for example, expresses the ICP47 protein which
blocks viral peptide presentation on MHC I-dependent cells (Fruh et al. 1995;
Hill et al. 1995). Expression of the hepatitis B terminal protein inhibits the
cellular response to IFNa and IFNYy (Foster et al. 1991).

An interesting anti-immune mechanism is found during HIV infection.
It turns out that HIV activates a methyltransferase which methylates the
promoter of the IFNY gene, thus blocking its synthetic activity (Mikovits
et al. 1998).

The indirect antiviral effect of IFNy is connected to the activation of
effector cells of the immune system (see Section 3.3). The antiviral activity
of CD8+ T lymphocytes also depends on IFNY (Ruby and Ramshow 1991).

3.2 Antiproliferative activity

IFNy suppresses the proliferation of a number of normal and malignant cells
(Clemens and McNurlan 1985; Rossi 1985; Saito et al. 1986a; Pestka et al.
1987; Shearer and Taylor-Papadimitriou 1987; Mechti et al. 1988; Romeo et al.
1988; Schiller et al. 1988b; for malignant cells, see Chapter 12). Some examples
are normal and malignant keratinocytes (Nickoloff et al. 1986; Schuger et al.
1990), normal and malignant endometrial cells (Tabibzadeh et al. 1987), vas-
cular smooth muscle cells (Rubin and Gupta 1980; Hansson et al. 1989),
human cells of bone origin (Beresford et al. 1990), and regenerating hepato-
cytes (Sato et al. 1993). Combination of IFNy with the other two types of
interferon potentiates its antiproliferative activity (Fleischmann et al. 1984).
Its combination with dsRNA has also a synergistic effect (Chapekar and
Glazer 1985).

In most cases, especially in malignant cells, the antiproliferative activity
of IFNY is accompanied by a differentiating effect (for reviews, see Fischer
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and Grant 1985; Giovanni and Rossi 1985; Rossi 1985; Burke 1986; Moritz and
Kirchner 1986). This has been shown in numerous publications in experiments
in vitro with cell cultures of different cellular types, such as human epidermal
carcinoma cell line A431, where IFNY leads to a rapid terminal differentiation
with 67-kDa keratin expression and cell death (Chang et al. 1987). In the
mouse NIH 3T3 fibroblast cell line transformed with Ha-ras, even a short
treatment with IFNY results in a stable reversion to a normal phenotype
(Seliger et al. 1991).

However, we should also mention that the inhibition of cellular prolifer-
ation is not always accompanied by cell differentiation. For instance, suppres-
sion of vascular smooth muscle fiber proliferation by IFNY is associated with
inhibition of a-actin synthesis (Hansson et al. 1989). In cells of bone origin,
collagen synthesis is suppressed along with the proliferation (Beresford et al.
1990). In general, the relationship between cell proliferation and differentia-
tion is complex and depends on many factors and on the cellular type. As an
interesting paradox we shall mention the report that growth of the malignant
ovarian cell line Caov-3 is stimulated by both IFNy and tumor necrosis factor
o (TNFo) (Mutch et al. 1990).

In some cell types the antiproliferative activity may lead to apoptosis,
as is the case of transformed keratinocytes, where the key mediators of IFNy-
induced apoptosis are the G-proteins (Heck and Laskin 1994).

The direct antiproliferative effect of IFNy may be due to several different
mechanisms.

¢ The most widely accepted and discussed mechanism is the suppres-
sion of oncogene expression and more specifically the proto-oncogene
c-myc which is involved in the regulation of the cell cycle (Clemens
and McNurlan 1985; Peters et al. 1985; Harel-Bellan et al. 1988; Mechti
et al. 1988; Bruchelt et al. 1990; Bennett et al. 1994a,b; Vairo et al. 1995).
A number of studies find that the interferons inhibit the expression
of this gene and accept that this is the reason of cell cycle arrest
(Yarden and Kimchi 1983; Dani et al. 1985; Einat et al. 1985; Matsui
et al. 1985; Watanabe et al. 1989a; Yan and Shen 1994). However, it
appears that the interrelation between IFNY, c-myc, and the cell cycle
are much more complex (Knight et al. 1985). The absence of a causal
connection between suppressed expression of c-myc and cell cycle
arrest is suggested by the observation that cell cycle arrest and mono-
cyte differentiation of HL-60 cells treated with IFNy start at the 24th
hour, whereas the inhibition of c-myc expression occurs at the 72nd
hour (Sariban et al. 1987). Even more convincing are studies which
show that cell cycle arrest in a human breast carcinoma cell line
(Hamburger and Gayatri 1993) and in HeLa cells (Kelly et al. 1985) is
accompanied by increased expression of c-myc. It is obvious that not
in all cell types could cell cycle arrest be explained by a suppressed
expression of the c-myc gene.
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Figure 3.2 Degradation of triptophan (Trp) and secretion of 3-hydroxyanthranilic acid
(8-HAA) in macrophages treated with IFNYy. According to data by Werner et al. (1987).

Another mechanism is related to the effect of IFNy on tryptophan
metabolism (Figure 3.2), leading to tryptophan starvation. It has been
shown that this cytokine induces the enzyme indolamine-2,3-dioxy-
genase (IDO) leading to degradation of tryptophan to kinurenin
(Werner et al. 1987a,b, 1989; Dai and Gupta 1990), which is propor-
tional to the IFNY activity and can be used for quantitative determi-
nation of this activity (Daubener et al. 1994). There are data on kera-
tinocytes that along with IDO induction IFNYy also induces the
tryptophanyl-tRNA synthetase which balances the level of this im-
portant amino acid (Reano et al. 1993).

The IDO gene is regulated in a different way by IFNy and IFNo.
Its induction correlates with the induction of the guanosine triphos-
phate (GTP)—cyclohydrolase, a key enzyme for pteridine synthesis
(Taylor and Feng 1991).

Cell cycle arrest may also be due to decreased expression of transferrin
receptors caused by IFNy and leading to iron deficiency (Bourgeade
et al. 1988; Feelders et al. 1998).

Induction of certain proteins such as DAP (death associated proteins)
and calcium/calmodulin-dependent enzymes leading to apoptosis
(for details and references, see Levy-Strumpf et al. 1997).

Apoptosis is a programmed cell death. Unlike necrosis it is an
active process, which occurs through gene induction, similar to the
induction that occurs during the cell cycle, but leading to activation
of proteases and nucleases and to cell death accompanied by typical
biochemical and morphological changes. Cellular receptors of the
TNF group, such as Fas, binding to the corresponding ligands lead
to a metabolic pathway resulting in apoptotic cell death.

This mechanism can be connected to the increase in cytoplasmic
Ca?* due to its intracellular redistribution and influx of extracellular
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Figure 3.3 Growth suppression (%) of malignant melanoma cell lines by IFNy
(1000 IU/ml). (According to data by Jernberg-Wiklund et al. 1991.) (A) Line U-1958
(IL-6 dependent). (B) Line U-266-1970 (IL-6 dependent). (C) Line U-1996 (partially
IL-6 dependent). (D) Line U-266-1996 (IL-6 independent).

Ca? through the membrane channels caused by IFNy (Klein et al.
1987). This activates the Ca?*-calmodulin-dependent protease leading
to apoptosis. It has to be taken into consideration that IFNy can have
a different effect depending on the receptor leading to apoptosis. For
example, in the human myeloblastic leukemia cell line Eol-1 IFNy
triggers apoptosis by inducing Fas. At the same time it inhibits the
TNF-induced apoptosis connected to the TNFR1 receptor, since IFNy
induces the expression of TNFR2 receptor (Horie et al. 1999).

® IFNy can block the cell cycle at the end of the G1 phase. In mammary
gland epithelial cells IFNyinduces the synthesis of the kinase inhibitor
p274P! which inhibits the activity of the cyclin-dependent kinases
cdk2, cdk4, and cdké 24 hours after treatment. At this time point, the
kinases should hyperphosphorylate the retinoblastoma protein Rb in
order to permit the cell to enter S phase. Inhibition of this process
blocks the cell cycle at the end of the G1 phase. It is interesting and
important to note that in some mammary carcinoma cell lines that
are resistant to growth inhibition by IFNy, p275F! is not induced by
this cytokine (Harvat et al. 1997).

* In some cases, the antiproliferative activity of IFNy can be due to the
inhibition of growth factor production. For example, this is the case
of a myeloma cell line where proliferation is suppressed by IFNy due
to inhibition of interleukin-6 (IL-6), which is a growth factor for these
cells (Palumbo et al. 1995a) (Figure 3.3).

* Another direct antiproliferative mechanism may be the inhibition of
DNA synthesis (Nanes et al. 1989) and more specifically of the DNA
polymerase, as it has been reported for this enzyme in mammals
(Tanaka et al. 1987).

e IFNy stimulates fibronectin synthesis in melanocytes and melanoma
cells (Varani et al. 1989), and there is an inverse correlation between
fibronectin synthesis and cell proliferation.
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Most probably the direct antiproliferative activity of IFNy is due to a
combination of some of these mechanisms and maybe of some others yet
undiscovered. It is possible also that different mechanisms may operate in
different cell types.

3.3 Immunostimulatory activity

Stimulation of cellular immunity is one of the main biological functions of
IFNy (immune interferon). It is manifested by activation of effector cells of
the cellular immunity (macrophages, NK/CD56 cells, CD8+ cytotoxic T lym-
phocytes, CD4+ T helper cells) which destroy foreign pathogens and tumor
cells (Becker 1985a,b; Segal 1998).

This function is also manifested by the regulation of the expression of
major antigens of the tissue compatibility complex (MHC).

MHC are a group of proteins denoted in humans as HLA (human leuko-
cyte antigens). They are products of a network of interconnected genes in
humans and in other mammals which control the immune response. They
are localized on the cell surface and serve as molecular markers for differ-
entiating between self and foreign tissue and for the presentation of peptides
from foreign cells and pathogens. For example, MHC composition is the
main factor which determines the fate of transplants and the formation of
antibodies against foreign tissue. According to their composition, structure,
and function, MHC are divided into two classes: I and II.

Unlike the MHC class I antigens (HLA-A, -B, -C in humans) which are
expressed in almost all cells, class II antigens are expressed in a limited
number of cellular types (B cells, macrophages/monocytes, and some acti-
vated T lymphocytes) involved in antigen presentation. They are hetero-
dimeric glycoproteins on the cell surface and are encoded by three loci in
the D region of human chromosome 6 (HLA-DR, -DQ, -DP). Their expression
in macrophages is necessary for antigen presentation to T lymphocytes and
for induction of cytolytic T-cell activity.

IFNy stimulates the expression of class I MHC and induces class Il MHC
in a number of important cellular types (e.g., see Becker 1985a,b; Celada and
Maki 1989; Griffiths et al. 1989a,b) such as phagocytes and endothelial and
epithelial cells, but it suppresses the synthesis of class Il MHC in B lympho-
cytes. In this way IFNYy participates in the antigen presentation process dur-
ing the inductive phase of the immune response. In many cellular types IFNy
can regulate MHC expression by itself, but in a number of cases it acts
synergistically with other cytokines, such as TNFa, for example, and with
bacterial antigens and mitogens.

The major target cells of the immune system activated by IFNy are the
macrophages. It regulates the differentiation of monocytes into mononuclear
phagocytes (macrophages), stimulates the antigen-presenting activity of
macrophages, and facilitates their interaction with T cells. IFNYy also partic-
ipates in the regulation of T helper (Th) cell differentiation by stimulating
the proliferation of Thl and inhibiting the proliferation of the antagonistic

© 2002 by CRC Press LLC



Chapter three:  Biological activities of interferon gamma 33

Th2 type. IFNYy exhibits a stimulatory effect not only on CD4+ but also on
CD8+ lymphocytes (Siegel 1988; Ruby and Ramshaw 1991). It is believed
that IFNy also participates in changing the immunoglobulin isotype in
B lymphocytes (see Chapter 2). Bacterial lipopolysaccharides (LPS) are
believed to be some of the most powerful macrophage activators, and they
are often used in combination with IFNy. However, it should be taken into
consideration that the sequence in which the two stimulating agents are used
is important. Treatment of monocytes with a priming dose of IFNy followed
by LPS after 18 to 24 hours leads to an increased cytotoxicity of the mono-
cytes. However, even small doses of LPS during the preliminary treatment
with IFNY suppress the development of monocyte cytotoxicity (Chu et al.
1993a). The suppression is mainly due to products of the cyclooxygenase
metabolic pathway, because large quantities of prostaglandin E2 (PgE2) are
formed and indomethacin (an inhibitor of this enzyme) eliminates the cyto-
toxicity-suppressing effect.

The immunostimulatory activity of IFNYy is also connected with the
induction of a number of membrane costimulatory molecules, such as ICAM-
I/CD54, LFA-3/CD58, B7-1/CD80, B7-2/CD86, without which the cytotoxic
activity of leukocytes cannot be realized (Zhang et al. 1998).

IFNY activates the killer and cytostatic function of macrophages which
is directed to various intracellular and extracellular parasites and tumor cells
(Varesio et al. 1984; Landolfo et al. 1985; Fan et al. 1986; Sodhi et al. 1990),
an effect occurring only in mature macrophages (Hosoi et al. 1985; Saito et al.
1986). In these cases it induces the expression of specific structures on the
surface of the macrophages through which they recognize the target cells as
well as the expression of specific cytotoxic agents such as TNFo and reactive
oxygen and nitrogen derivatives (Murray et al. 1979; Nathan et al. 1979, 1985;
Kaplan et al. 1986; Degling et al. 1993; Feng and Walker 1993; Lavnikova et
al. 1993; Le Page et al. 1996). Among the latter, the most extensively studied
is nitric oxide (NO), which is known to play an important role in the destruc-
tion of intracellular bacteria, parasites, and tumor cells.

NO is synthesized from L-arginine by a specific enzyme known as NO-
synthase (NOS). The expression of one of the three isoforms of this enzyme
is induced by IFNYy and other cytokines such as TNFo. In mouse kerati-
nocytes it has been found that NOS is regulated at the posttranscriptional
level (Heck et al. 1993).

Apart from increasing the nonspecific cytocidal activity of macrophages,
IFNY also increases their antibody-dependent cytocidal activity (ADCA).
This occurs through the activation of different components of the comple-
ment, such as C2, C4, and factor B (Lappin et al. 1990; Vincent et al. 1993;
Watanabe et al. 1995).

There are data indicating that under the effect of IFNy the cytotoxic
activity of the neutrophil leukocytes also can be stimulated (Shalaby et al.
1985; Steinbeck et al. 1986, 1989; Miyake et al. 1988; Livingston et al. 1989;
Morrison et al. 1989; Cemerlic et al. 1991), and it can be also antibody
dependent (Reali et al. 1994). IENYy increases the hemotactic response (which
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is weak in the newborn) and can be used as an immune defense against
infections in pediatric practice (Hill 1993). It has been reported that thrombo-
cytes can also exhibit an IFNy-induced cytotoxic function (Pancre et al. 1987).

For natural killer (NK) and lymphokine-activated killer (LAK) cells, see
Chapter 12, Section 12.1.

3.4 Modulation of gene activity

IFNy suppresses the activity of some genes, such as, for example, some
oncogenes (Peters et al. 1985), genes coding for collagen (Giri et al. 1986;
Duncan and Berman 1987; Smith et al. 1987; Clark et al. 1989; Granstein et
al. 1990; Narayanan et al. 1992), and for transferrin receptors, and activates
others like the genes of IL-2, IL-12, TNFa (e.g., see Schreiber et al. 1983;
Peters et al. 1985), of IL-2 receptors (Rambaldi et al. 1987), of MHC I and
MHC 1II (e.g., see Wallach et al. 1982; Becker 1985a,b; Berrih et al. 1985;
Campbell et al. 1985; Carrel et al. 1985; Giacomini et al. 1986; Kameyama
et al. 1987; Korber et al. 1988; Volc-Platzer et al. 1988).

There are, however, some malignant cells which do not respond to IFNy
with an increased synthesis of MHC I (Anderson and Berkowitz 1985). Tumor
growth factor B (TGF) suppresses the induction of MHC II by inhibiting the
mRNA accumulation of the transactivator CIITA (class II transactivator; Lee
et al. 1997b), which is essential for the expression of these molecules. IFNy also
upregulates the induction of the non-variable chain connected with MHC 1L
This chain is a glycoprotein necessary for antigen processing and intracellular
transport of MHC II molecules (Barr and Saunders 1991).

[FNy also induces the intercellular adhesion molecule I ICAM-I) (Dustin
et al. 1988; Rothlein et al. 1988), which plays an important role in immunity. On
the one hand, this molecule is important for the adhesion of loose cancer cells
and the formation of metastases and, on the other hand, due to ICAM-I, tumor-
icidal lymphocytes can attach to cancer cells and destroy them. In the end,
this molecule is very important for the defense of the organism against
malignant cells, taking part in the immunological control accomplished by
NK and LAK cells.

The ICAM-I ensures the adhesion of effector leukocytes to target cells
that express it. The interaction is achieved with the help of the leukocyte
function antigen LFA-1 (CD11a/CD18) (Marlin et al. 1987; Makgoba et al.
1988a,b; Fidgor et al. 1990; Becker et al. 1991).

As already mentioned, IFNY induces some important enzymes such as
IDO (see Section 3.2) and NOS (see Section 3.5). IDO induction is connected
to the IFNy-activated tyrosine protein kinase and PKC (Koide and Yoshida
1994). It is believed that in most cells IFNYy activates 15 to 20 genes (Gunther
and Otto 1993), which usually occurs at the level of transcription (for review,
see Revel and Chebat 1986; Williams 1991) (concerning the mechanism
through which IFNY affects gene activity; see Chapter 4). We shall only point
out here that there are data indicating the participation of PKC in IFNy-
mediated gene activation (Fan et al. 1988; Mattila et al. 1989; Nezu et al.
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1990). Some more important modulations of gene function are presented in
Table 2.2. There are data that the mechanisms of gene activation by IFNy are
different from those of IFNo (Faltynek et al. 1985; Caplen and Gupta 1988).

It should be stressed that the effect of IFNY on gene activity is not exactly
defined and depends on a number of factors such as, for example, cellular
type, animal species, and body region from which the cells have been iso-
lated. For example, it was found that IFNy stimulated the expression of
stromelysine (a metalloproteinase that activates collagenase and is induced
by IL-18) in bovine chondrocytes (Quintavalla et al. 1993), whereas in human
fibroblasts the synthesis of this enzyme was inhibited (Unemori et al. 1991).
Even cells of the same cellular type but isolated from different anatomical
regions are affected in a different way by IFNY. Fibroblasts isolated from the
limb and from the abdominal region show a different pattern of de novo
protein synthesis induced by IFNy (Smith and Higgins 1993). Another exam-
ple is the suppression of the gelatinase gene in human kidney carcinoma
cells and the lack of this effect in fibroblasts (Gohji et al. 1994). The same
holds true to the tumoricidal activity of mononuclear phagocytes isolated
from different anatomical regions (Ahn et al. 1995).

These data could explain some apparently conflicting results in the lit-
erature regarding the biological effects of IFNY.

3.5 Antibacterial activity

IFNy kills a number of bacteria (see Chapter 10, Section 10.2.1) and intrac-
ellular parasites by activating macrophages to produce superoxide anions
and nitric oxide as well as by increasing the chemotaxis (Murray et al. 1979;
Nathan et al. 1983, 1984, 1985; Kaplan et al. 1986; Ding et al. 1988; Degling
etal. 1991; Klein et al. 1991b; Martin et al. 1991; Lavnikova et al. 1993; Pendino
et al. 1993; Xie et al. 1994). It stimulates macrophages to react to bacterial
DNA (Sweet et al. 1998). Induction of IDO (see Section 3.2) also leads to
antibacterial activity (MacKenzie et al. 1998).

3.6 Antitumor activity

The antitumor activity of IFNY is due to both a direct and an indirect effect
on tumor cells.

The direct effect is associated with its antiproliferative activity (see
Section 3.2), whereas the indirect effect is due to the stimulation of the cellular
immunity stimulation of competent effector T lymphocytes and macrophages
(Baron et al. 1985) (see Section 3.3). Under the effect of IFNYy, macrophages
become tumoricidal (Saito et al. 1986). It is interesting that macrophages can
differentiate between tumor and normal cells. In experiments with mouse
erythroleukemia cells it has been shown that the macrophages lyse undif-
ferentiated cells only (Pak and Fidler 1989). The distinction between normal
and malignant cells is also observed when IFNY is combined with IFNo./f
(Fleischmann et al. 1984). The cytotoxicity of macrophages toward tumor
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cells varies and depends on many factors, such as the presence of a second
signal (e.g., LPS) and the type of the target cells (Koestler et al. 1987).

The indirect antitumor activity of IFNy depends on its effect on gene
activity (see Section 3.4). With regard to the modulation of gene activity, new
data show that IL-12 and IFNYy inhibit tumor growth by inducing tumor cells
to produce an angiostatic activity (Coughlin et al. 1988; Angiolillo et al. 1996).

The generation of new capillaries (neoangiogenesis) is necessary for tumor
growth. The use of compounds which inhibit angiogenesis (angiostatics) is an
important approach in the treatment of solid tumors. Even when the tumor
is in a stationary state, the continuous renewal of capillaries is necessary for
its survival. A number of angiostatics are undergoing clinical trials.

This activity may be due to the production of the angiostatic chemokine
IP-10, a -C-X-C- chemokine induced by IFNY (Angiolillo et al. 1996; Arenberg
et al. 1996). The local application of IFNY also inhibits angiogenesis induced
by basic fibroblast growth factor (bFGF) and platelet-derived growth factor
(PDGF) (Sato et al. 1990; Norioka et al. 1994) probably due to growth inhi-
bition of the endothelial cells and suppressed synthesis of collagen by myo-
fibroblast cells (Tsuruoka et al. 1988). A decreased vascularization under the
effect of IFNy was observed during wound healing in mice (Miles et al. 1994).
At the same time it has been found that IFNY can also act in the opposite
way. It can increase angiogenesis through angiogenic factors released by
IFNYy-stimulated macrophages (Kobayashi et al. 1994). Recently it has been
reported that the human thymidine phosphorylase (IP) has angiogenic prop-
erties and is identical to the vascular endothelium growth factor (VEGF)
produced by thrombocytes. High expression of TP is found in macrophages,
Kuppfer cells, lymphocytes, and alveolar macrophages. TP may be respon-
sible for the angiogenesis of a wide spectrum of solid human tumors (of the
stomach, colorectum, ovary, and breast), where its activity is higher than that
in the neighboring normal tissues. The expression of this enzyme is also
increased in the advanced stages of cancer. On the other hand, TP increases
the sensitivity of tumor cells to 5-deoxy-5-fluorouridine. IFNy, IFNa, and
IL-1a induce TP in tumor cells (stomach cancer and colorectal cancer). There-
fore, TP may be a possible target molecule for cancer therapy (Takebeyashi
etal. 1996). Evidently, the different effect of IFNy on angiogenesis — induced
production of IP-10 or of TP — will be determined by different factors such
as cellular type, macrophages, malignant type, and others. The increased
activity of TP in solid tumors is used to accumulate preferentially 5-fluoro-
urecil (5-FU) in malignant cells by applying the prodrug capecitabine, which
under the effect of certain enzymes (including TP) is converted into 5-FU
(Schiiller et al. 2000).

In some tumors (e.g., B16 melanoma) IFNY strongly increases the expres-
sion of the surface antigen Fas (CD95) and its ligand FasL (CD95L), which
irreversibly programs the cells for apoptosis (see Section 3.2). Also of impor-
tance is the induction by IFNy of TNFa and NO (Yoshimatsu et al. 1996). In
some experiments it was found that NO kills malignant cells in vitro, but it
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stimulates tumorogenecity and metastases in vivo (Edwards et al. 1996),
which is in conflict with the other results.

There are data that not only activated macrophages but also vascular
endothelial cells can produce NO either constitutively (Li et al. 1991) or
together with smooth muscle cells upon induction by IFNy and TNFo. In
this way these cells can also participate in the antitumor defense. Thus, upon
cultivation of erythroleukemic K562 cells together with endothelial and
smooth muscle cells, these cytokines lead to NO production and death of
the malignant cells (Geng et al. 1996).

An important effect of IFNy in some tumors is the induction of the
enzyme IDO, which leads to cell death due to tryptophan starvation (Werner
et al. 1989; Taylor and Feng 1991; Leung et al. 1992) (see Section 3.2). Such
a mechanism is supported by the fact that supply of tryptophan protects
melanoma cells from the effect of IFNy and TNFa. (Wood et al. 1991). Trypto-
phan degradation produces 3-hydroxyantranylic acid (3-HAA), which is
believed to have a cytotoxic effect (Werner et al. 1987; Figure 3.2).

Another antitumor effect of IFNy seems to be related to the inhibition
of oncogene expression (see Section 3.2). For example, overexpression of
c-erbB-2 (Her-2/neu) in ovarian, mammary gland, and endometrial cancer
(conditions with a poor prognosis [Esteller et al. 1995]) is suppressed by IFNy
and this leads to reduced cell proliferation (Marth et al. 1990).

Another tumor suppressor could also be the IFNy-induced protein kinase
PKR (p65 and p68 in mice and in humans, respectively), which is activated
by dsRNA and inhibits protein synthesis by phosphorylating the eukaryotic
initiation factor 2 (Meurs et al. 1993).

Thus, the antitumor activity of IFNYy is a result of the complex anti-
proliferative, immunostimulatory, and gene activity modulating effects of
this cytokine. Evidently in different types of malignant cells, one or another
activity may be dominant.
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chapter four

Molecular mechanisms of
interferon gamma activities.
Transmembrane signal
transduction

As already pointed out, one of the important functions of IFNY is its effects
on gene activity. Before discussing the mechanisms underlying this activity,
we should mention that gene activation is realized through a whole family of
proteins called signal transducers and activators of transcription (STAT). The
transcription-activating proteins should contain a specific basic amino acid
sequence called the nuclear localization sequence (NLS) that is necessary for
their entering the nucleus. IFNy also contains such a sequence (RKRKRSR)
at the C terminus, which makes this cytokine a “chaperone” for transporting
protein complexes into the nucleus. This has been proven by experiments
where a peptide corresponding to the C-terminal domain of IFNYy (containing
an NLS) was covalently bound to the fluorescent protein R-phycoerythrin.
This construct was then found in the nucleus of rabbit reticulocytes (Johnson
et al. 1998).

Models of the signaling cascade triggered by IFNy were recently proposed
based on experimental data from the last few years (Bach et al. 1997; Johnson
et al. 1998, and references therein). The molecular events considered by these
models (JAK-STAT metabolic pathways) can be summarized as follows:

1. IFNybinds to the extracellular domain of its receptor (IFNyRa) through
its N-terminal part including amino acid residues 1 to 39. It has been
demonstrated that truncation of this end and also a free peptide cor-
responding to this sequence prevent IFNYy binding to the receptor.

2. Binding of IFNY to the a-chain of the receptor leads to mobilization
of the B-chain (Greenlund et al. 1991) and to the formation of a recep-
tor complex composed of one IFN dimer and two a- and two -chains.

3. The receptor-IFNy complex is internalized through endocytosis.

39
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4. The C-terminal domain of IFNY binds to the cytoplasmic part of the
receptor (amino acid residues 252 to 291 of the o-chain). This region
includes a leucine-isoleucine sequence (270 to 271) that is needed for
the translocation of the protein complex in the cytoplasm and also
the LPKS sequence (266 to 269), necessary for binding the tyrosine
kinases JAK1 and JAK2. The NLS sequence (necessary for the trans-
port of the whole complex into the nucleus) is localized in the IFNy
C-terminal domain. A peptide corresponding to the C-terminal part
of IFNy (95 to 133) which contains the NLS has been found to be
biologically active, increasing severalfold the antiviral resistance of
the cells (Szente et al. 1994a). If this model is correct (as it seems to
be), the presence of an NLS in the C-terminal part of IFNy makes
doubtful the data that IFNy remains active after deletion of more than
11 C-terminal amino acid residues (see Section 2.3.3).

5. Following the internalization of the IFNy-receptor complex, the JAK1
and JAK2 kinases bind to the LPKS sequence. This binding is crucial
for further activation of the subsequent cascade.

6. The bound JAK kinases are activated through phosphorylation (it is
believed that this occurs through a mutual cross-phosphorylation
when the two cytoplasmic ends of the associated o- and B-chains of
the IFNY receptor are in close proximity).

7. The activated JAK kinases phosphorylate Tyr-440 of the o-subunit,
and this leads to the binding of two molecules of the transcription
factor STAT-1 to the cytoplasmic domains of the two receptor chains.
According to some data, STAT activated by IFNyhas a molecular mass
of 91 kDa and is Tyr phosphorylated (Shuai et al. 1993).

8. The complex formation between IFNy and the C-terminal part of its
receptor leads to binding of the complex to the a-subunit of the
protein importin followed by the subsequent binding of the B-subunit
of the same protein. This transfers the whole complex in the nuclear
pores. The transport of the complex through the nuclear pores is
energy dependent. The energy is supplied by guansine triphosphate
(GTP) hydrolyzed by the GTPase Ran.

9. Once in the nucleus, the complex disaggregates and the STAT-1 tran-
scription factor is released and forms homodimers which are phos-
phorylated at the C-terminal Ser 723.

10. The activated STAT-1 homodimers bind to specific DNA sequences,
gamma-activated sequences (GAS), inducing the corresponding gene.
The specificity of the response is determined by these sequences and by
the nature of the STAT protein.

This model explains why IFNY introduced directly into the nucleus (see
Chapter 2, Section 2.4) is active, losing its species specificity. Unlike the
species-specific interaction between the extracellular part of the receptor and
the N terminus of IFNY, the interaction between its C terminus and the
cytoplasmic part of the receptor turns out to be species nonspecific.

© 2002 by CRC Press LLC



chapter five

Production of
interferon gamma

Human IFNy, as well as the other interferons, can be prepared by two
different approaches — from human cells after suitable induction and by
recombinant DNA technology. The main difference between the two inter-
ferons — natural and recombinant — is that the first is glycosylated, whereas
the second is not.

Production of natural IFNy has the following disadvantages: low yield
and the potential danger of contamination with oncogenic or viral DNA as
well as with other pathogens. This requires additional methods of purifica-
tion and control making the production process more expensive.

After it has been proven that the glycosylated and nonglycosylated IFNy
have the same biological activity (see Chapter 2, Section 2.3.1), IFNy is now
produced mainly by the methods of recombinant DNA technology (genetic
engineering). Eukaryotic (Devos et al. 1982) as well as prokaryotic (Gray et al.
1982; Perez et al. 1990) cells may be employed as producers. The use of
eukaryotic cells runs the risk of contamination with potentially dangerous
viral and oncogenic DNA. That is why prokaryotic producers are preferred.
The most widely used microorganism is Escherichia coli transformed with a
plasmid containing the gene of IFNY. The gene itself can be obtained by either
reverse transcription from IFNy mRNA or by a total chemical synthesis.

Usually the production cycle of human recombinant IFNYy includes the
following steps:

1. Transformation of an appropriate strain with an expression plasmid
containing the human IFNy gene

2. Fermentation

3. Collection of the bacterial biomass

4. Disintegration of the transformed cells where rIFNY is usually accumu-
lated as inclusion bodies (Figure 5.1)

5. Disolving the inclusion bodies in a denaturing solution

Purification of IFNy by chromatography (Figure 5.2)

7. Control of purity, activity, and identity

o
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Figure 5.1 Electron micrographs of E. coli sections containing IFNY stored as inclusion
bodies (black spherical formations).

© 2002 by CRC Press LLC


http://www.crcnetbase.com/action/showImage?doi=10.1201/9781420040739.ch5&iName=master.img-000.jpg&w=276&h=186

Chapter five:  Production of interferon gamma 43

;ﬂ_. ——3 PEAK NO. 1
e PERK MONITOR 1
—3——+—+| RETENTION 7.35 MIN
P DURATION 3.81 MIN
ARER 163.5 %MIN
- 99.67 %AA
= MONITOR | 106.8 %FS
— MONITOR 2 0.8 %FS
! BRSELINE 2.5 %Fs§
=& METHOD NO. &
1 RUN NO. il
= LOOP NO.
—— ACC AREA 164.8 %MIN
= =
1 8
= B
= -
— 3
- 1 d
e 2
= — B
T : 1T TTTTTTTTTIe
i MONITOR 1
PLOT START e.a
= MIN/MARK 2.9
Sample: 500 ug r-IFN-gamsa Columsn ProRPC S5/2
Flow rate 0.8 al/amin Gradient: OXB 1 min
A 0.1% TFA in water 0 - 100%B 20 min

B 0.1%X TFA in MeCN 100%B 1 min
Detection: 280 nm, 0.2 AUFS

Figure 5.2 High-performance liquid chromatographic profile of purified IFNy
(Gammaferon) indicating a purity of 99.67%.
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chapter six

Interferon gamma
preparations

Several types of IFNy with different structures are used in experimental studies
and clinical trials: (1) natural IFNy; (2) IFNy with a conserved N-terminal
methionine and/or with only the leader sequence Cys-Tyr-Cys; (3) IFNy
without the Cys-Tyr-Cys leader sequence; (4) IFNy 1b with altered amino
acid (aa) composition (composed of 140 aa instead of 143); (5) IFNy with an
artificial disulfide bridge in the monomer (see p. 15). We shall mention IFNy
preparations which are available on the pharmaceutical market or are used
in clinical trials.

6.1 IFN¥1b

The technology for the production of IFNy-1b was developed by Genen-
tech, Inc. (460 Point San Bruno Blvd., South San Francisco, CA 94080). It
is produced in Escherichia coli by recombinant DNA technology. Unlike
natural IFNY, it has 140 aa. It is highly purified and has a specific activity
of 30 x 106 IU. IFNYy-1b is produced under the trade name Actimmune® by
InterMune Pharmaceuticals, Inc. (3294 West Bayshore Road, Palo Alto, CA
94303). Boehringer Ingelheim (900 Ridgebury Road, Ridgefield, CT 06877)
produces IFNy-1b ADN, under the trade name Imukin®.

Actimmune is a clear solution in ampules of 0.5 ml containing 100 pg
human rIFNy-1b (i.e., 3 x 10¢ IU), 20 mg mannitol, 0.36 mg Na succinate,
0.05 mg polysorbate 20, and sterile water for injections.

Imukin is also a clear solution in ampoules of 0.5 ml containing 100 pg
of human rIFNy-1b ADN, (2 x 10 IU) with excipient disodium succinate,
polysorbate 20, and sterile water for injections.

6.2 Gammaferon®

This is a recombinant human [FNy composed of 143 aa and is devoid of the
initial methionine (it appears that this is due to an enzyme activity of the
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Figure 6.1 SDS-polyacrylamide electrophoresis of different protein fractions
obtained during purification of IFNYy (example with Gammaferon). (1 and 2) Protein
markers; (2) protein pattern of the E. coli strain; (3) protein pattern of the E. coli strain
expressing IFNY; (4) protein pattern of the inclusion bodies; (5, 6, and 7) protein pattern
of the IFNY preparation at three successive steps of chromatographic purification.

bacterial producer strain (Vassileva-Atanassova et al. 1999), and the Cys-Tyr-
Cys signaling sequence. It is produced in E. coli (see Chapter 5, Figure 5.2) and
the technology is protected by a European patent 0446582 B1/4.01.1995 for
France, Germany, Italy, Great Britain, and Spain and patent 2054044 /24.01.1998
for Russia.

The purity of Gammaferon is higher than 99.5% and its specific activity
is 50 x 10° IU/mg (see Figure 6.1; Chapter 5, Figure 5.2).

So far, three pharmaceutical forms of Gammaferon have been developed
and tested:

1. Virogel G5: a 4% hydrophilic gel (polyethylene glycol with a molec-
ular mass of about 4 x 10°, Badimol) containing 10° IU/g (about
2 ug/g) Gammaferon, 0.2% dextran (Hemodex), 0.9% NaCl, pH 7.0
to 7.5. It is stable for 1 year at 4°C. It is used for topical application
on the skin and mucous membranes. The advantage of the viscous
gel is that it slows down the process of IFNy aggregation. Besides this,
according to some literature data polyethylene glycol facilitates the
correct folding of the IFNy molecule (Cleland et al. 1992).

2. Gammaferon-collyrium (eye drops): a vial containing lyophilized
Gammaferon 5 x 10° IU (about 10 pg), dextran (Hemodex) 0.020 g,
NaCl 0.045 g. To be dissolved in 5 ml apyrogenic bidistilled water. It
is stable for at least 5 years in the lyophilized condition and for 10 days
at 4°C after dissolving.

3. Gammaferon for parenteral application: an ampule containing 1 x 10°
IU (about 20 pg) lyophilized Gammaferon, dextran (Hemodex)
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0.040 g, NaCl 0.018 g. It is dissolved in 2 ml apyrogenous double-
distilled water and is used for subcutaneous, intramuscular, and intra-
venous injections. Stable for at least 5 years in the lyophilized form
and for 10 days at 4°C after reconstitution.

6.3 Others

Recombinant human IFNy mainly for research purposes (as a chemical) is also
available from the following companies: Chemicon, Endogen, ICN Biomedicals,
PeproTech, Pharmingen, Roche, Sigma. (See http://www.biocompare.com/
molbio.asp?catid/ and also listing below.)

As a rule, all IFNYy preparations should not be subjected to repeated
freezing and thawing or to vigorous shaking (see p. 15).

Research Diagnostic, Inc.
Pleasant Hill Road
Flanders, NJ 07836

PBL Biomedical Laboratories
100 Jersey Avenue — Building D
New Brunswick, NJ 08901

Advanced Immuno Chemical, Inc.

105 Claremont
Long Beach, CA 90803

Pepro Tech EC, Ltd.
Princeton Business Park
5 Crescent Avenue

P.O. Box 275

Rocky Hill, NJ 08553
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Pierce Endogen
P.O. Box 117
Rockford, IL 61105

Chemicon International
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Part two

Interferon gamma in
pathological processes and
its clinical application

In this part we shall discuss the involvement of interferon gamma (IFNY) in
different pathological processes regardless of whether its role is or is not favor-
able and what are the results of its clinical application in different diseases.
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chapter seven

Indications and
contraindications

Briefly, the indications for IFNY clinical use are determined by its various
activities — antiviral, antibacterial, and immunostimulatory and its modula-
tory effect on gene expression. This makes it a possible therapeutic agent
in a number of diseases caused by intracellular and extracellular patho-
gens, cell malignization, and metabolic disorders associated with disturbed
gene expression.

It is important to point out some contraindications. IFNy should not be
used during pregnancy due to the risk of damaging the fetus (Kato et al.
1990; Vassiliadis and Athanassakis 1992). It is also contraindicated in diseases
where it plays a pathogenic role. At present, it is known that such diseases
are multiple sclerosis (see Chapter 11, Section 11.3), Kaposi’s sarcoma
(see Chapter 12, Section 12.15.1), thrombocytopenia purpura (Boshkov et al.
1992), and possibly psoriasis (see Chapter 11, Section 11.4) as well as some
lymphatic leukemias (see Chapter 12, Section 12.18.1) where the problem is
not very clear. Due to suppression of erythropoiesis by IFNy (see Chapter 9,
Section 9.2), its use is not recommended in hemoglobinopathies (Miller
et al. 1990).
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chapter eight

Routes of administration,
pharmacokinetics, dosage

Depending on the disease and the localization of the pathologic process,
different routes of IFNy administration are used: (1) parenteral, (2) by sono-
phoresis (phonophoresis), (3) topical, (4) by inhalation, and (5) as liposomes.

8.1 Parenteral

The parenteral route of administration (subcutaneous, intramuscular, and
intravenous) is used in malignancies and other systemic diseases, such
as, for example, rheumatoid arthritis, chronic granulomatous disease, and
systemic sclerosis. Intermittent injections as well as continuous infusion
for several hours have been used. Taking into account the dynamics of
the ligand-receptor complex, continuous and high-frequency infusions
do not seem justified. The IFNy-receptor complex is internalized (see
Chapter 2, Section 2.4; and Chapter 4) and new functional receptors
appear on the cell membrane after 4 to 12 hours. Therefore, administration
of interferon before the appearance of new receptors would be useless.
In clinical trials the intermittent administration has given better results
than the continuous infusion (e.g., Rinehart et al. 1986; Machida et al.
1987; Quesada et al. 1987; Takaku et al. 1987; Kobayashi and Urabe 1988;
Satake et al. 1993).

The pharmacokinetics of IFNy according to many investigators are not
very different from those of IFNo and B. The maximal concentration in the
serum depends on the dose and the route of parenteral administration. It
was found that in humans the serum concentration decreases according to
a first-order exponential kinetics (Bocci et al. 1984; Furue et al. 1987). After
intravenous administration its half-life is 120 min according to some inves-
tigators (Furue et al. 1987), and according to others it is 20 to 35 min (Erez
et al. 1988; Will 1990). After subcutaneous administration the half-life was
also found to be about 30 min (Yamasaki et al. 1995). After subcutaneous
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administration of 0.5 x 10° to 8 x 10° IU/m** of rIFNY, other investigators
observed a maximum level in the serum after 6 to 13 hours with an average
level up to 17 ng/ml (Thompson et al. 1987). In other clinical studies the
maximum serum concentrations were 1.0, 2.4, and 4.9 ng/ml following sub-
cutaneous administration of 0.1, 0.25, and 0.5 mg/m?, respectively (Digel
etal. 1991).

As we have already mentioned (see Chapter 2, Section 2.3.1), natural
IFNy is glycosylated at positions 25 and 97. Experiments with rIFNy lacking
glycosylation on either one or both sites have shown that the unglycosylated
IFNY persisted longer in the blood than glycosylated recombinant forms. The
natural product, however, turned out to have the longest half-life (Sareneva
et al. 1993).

As far as dosage is concerned, we have to point out that many clinical
trials attempt to reach the maximum tolerated dose (MTD). These doses varied
within a wide range in different trials: from 10¢ IU/m? (Kurzrock et al. 1985,
1986), 3 x 10° IU/m? (Schiller et al. 1987), 8 x 10° IU/m? (Thompson et al. 1987)
to 75 x 10° IU/m? (Rinehart et al. 1987). Other investigators report an MTD of
0.5 to 1 mg/m? per day (Perez et al. 1988). High toxicity has been noted after
intravenous administration of 0.05 and 0.5 mg/m? after intramuscular injec-
tion (Quesada et al. 1987). In other experiments the toxicity limited dose was
found to be 15 mg/m? after intravenous infusion (Paulnock et al. 1989) and
8 x 10 IU/m? after subcutaneous injection (Thompson et al. 1987).

Concerning the dosage, we have to point out that the MTD is hardly the
most suitable dose for IFNYy. Regardless of the high toxicity, experimental
data show that this cytokine has an optimal concentration in order to man-
ifest its biological activity, and therefore concentrations exceeding it lead to
an opposite effect (Kleinerman et al. 1986). The lower doses are preferable,
and this can be seen in the treatment of rheumatoid arthritis, which has also
been confirmed by clinical trials with Gammaferon conducted in Bulgaria
(see Chapter 11, Section 11.7). In general, the parenteral dosage depends on
the disease and also on individual features, so that a dosage range only could
be indicated for a particular disease. The great variety of doses is probably
also due to the differences in the interferon preparations used. The differ-
ences may also depend on the fact that — as control tests have shown —in
some preparations big differences are found between labeled and actually
measured activity (Iyer et al. 1986).

It is of great interest whether parenterally administered IFNy can reach
tumors in the brain and in the lung. One experiment has shown that in a
brain metastasis of kidney cancer, maximum concentration of subcutane-
ously injected IFNYy reached the tumor after 6 hours with a 30-min half-life
in the serum (Yamasaki et al. 1995). It turns out that the blood/lung barrier
(Jaffe et al. 1991; Halme et al. 1995) and the blood/pleural barrier (Douillard

* In oncological practice it is accepted as more accurate to base the dosage of cytostatics on
body surface in square meters (m?). In most studies the dose of interferons is also expressed in
the same way. There are nomograms which give the body surface of adults and of children
separately from their weight and height.

© 2002 by CRC Press LLC



Chapter eight:  Routes of administration, pharmacokinetics, dosage 55

et al. 1992) are difficult for IFNY to penetrate (see Section 8.4; Chapter 12,
Section 12.4).

8.2 Sonophoresis/phonophoresis

A method that is not commonly used for local as well as for systemic
administration of IFNY is by the application of ultrasound (sonophoresis/
phonophoresis), which can introduce different compounds through the
pores of the skin by inducing cavitation. The use of a lower frequency than
the therapeutic one (1 MHz) significantly increases the amount of the com-
pound which is introduced (Mitragotri et al. 1995). However, it runs the
risk of tissue damage. Encouraging results in the treatment of rheumatoid
arthritis were obtained in Bulgaria when therapeutic frequency was used
(see Chapter 11, Section 11.7).

8.3 Topical

Topically, IFNy is applied to the skin and mucous membranes in the form
of a gel (see Sections 6.2 and 10.1) or of liposomes (Egbaria et al. 1990; du
Plessis et al. 1992), which facilitates its penetration into the skin (see also
Section 8.5); it is also applied to the eye as eye drops (see Sections 6.2 and
10.1.3). A solution of IFNY is used for treatment of the oropharyngeal cavity.
It is also administered directly into, for example, lesions (tumors, condylo-
mas, papillomas), peritoneum, pleural cavity, and bladder.

The stability of IFNYy in unguents and gels is increased due to the high
viscosity that decreases the rate of monomer aggregation inactivating the
protein. The necessary concentration of IFNy in the gels depends on the
disease. Our experience shows that 10° IU/g gel is enough for the successful
treatment of herpetic skin infections (see Chapter 10, Section 10.1). The same
concentration — 105 IU/ml — is effective for viral eye infections. However,
for the topical treatment of condylomata acuminata and cervical lesions, the
concentration should be much higher — of the order of 10¢/g gel.

IFNYy-containing liposomes bound to asafetuitin were better absorbed by
liver cell lines (Ishihara et al. 1990) and were more effective than free inter-
feron in inhibiting the replication of the hepatitis B virus (Ishihara et al. 1991).

IFNy administered subcutaneously for treatment of malignant pleural
effusions reached its maximum serum concentration of 102 IU/ml after
4 hours, but a very small amount (1.14 IU/ml) penetrated into the pleural
cavity after 24 hours. Upon intrapleural injection, high concentrations —
1984 IU/ml and 173 IU — were reached at the end of the infusion after
96 hours. In this case, a very small amount of INFy (4.7 IU/ml) diffused into
the serum. The conclusion is that the diffusion of IFNy between the blood
and the pleural cavity is very small (Douillard et al. 1992).

Taken orally, IFNY cannot be absorbed through the stomach where it
is subjected to proteolytic attack. However, its contact with the mucous
membrane of the oropharyngeal cavity, especially after a longer contact,
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leads to diffusion of the protein into the blood circulation. In experiments
with mice the peroral application of IFNYy in aqueous solution of 0.1% gelatin
led to a decrease of the blood leukocyte numbers proportional to the admin-
istered dose (Fleischmann et al. 1991). The perorally administered IFNo
exhibited an antiviral effect in cats (Cummins et al. 1988) as well as in humans
(Hutchinson and Cummins 1987; Koech et al. 1990), whereas IFNP taken
orally was ineffective (Witt et al. 1992). These data are interesting and impor-
tant but they need confirmation, and the problem with peroral administra-
tion needs further investigation.

Our preliminary unofficial observations show increased resistance to
respiratory viral infections after throat treatment of the oropharyngeal cavity
with an IFNy solution (about 3 x 10* IU/ml).

8.4 Inhalation

Inhalation formulation (aerosolic IFNYy) has recently been used for treatment
of resistant forms of lung tuberculosis (Chatte et al. 1995; Condos et al. 1997)
(see also Chapter 10, Section 10.2.1.1.1) and lung cancer (Kawata et al. 1994;
Kessler et al. 1994; Yano et al. 1994; Halme et al. 1995; Mizutani et al. 1996,
1997) (see also Chapter 12, Section 12.4). It has been shown in humans that
IFNy inhaled as an aerosol effectively reaches the alveoli (Martin et al. 1993).
In a mouse model it was found that aerosolic IFNYy only, but not parenterally
administered, is active in lung allergic sensitization (Lack et al. 1994). Data
that the parenterally administered IFNY does not reach the alveoli and con-
versely — IFNyinhaled in the lung does not reach the blood — have also been
obtained in humans (Jaffe et al. 1991; Halme et al. 1995). This provides evidence
for the existence of a barrier for IFNY between the lung and the blood. After
inhalation of 0.6 mg of IFNYy, it is found in the bronchoalveolar lavage after
3 hours (Halme et al. 1995). In contradiction to the existence of a hematoalve-
olar barrier are data showing that after intramuscular injection, as well as after
inhalation, IFNYy in the blood increases five to ten times (Sokolova et al. 1993).

It has been shown in mice that aerosolic IFNYy increases the cytotoxicity
of the alveolar macrophages (Eisenberg et al. 1991), decreases the production
of IgE, and normalizes the function of the airways (Lack et al. 1994). Also,
aerosolic IFNy increased production of NO in rats (Pendino et al. 1993). More
effective stimulation of the 2’-5"-oligoadenylate synthetase was found in
humans following aerosolic IFNy as compared to its intramuscular admin-
istration (Sokolova et al. 1993).

A disadvantage of the aerosolic form of IFNY is the possibility for dena-
turation of the interferon exposed to the action of the surface tension at the
solution/air boundary. In addition, the strong mechanical stress for the aerosol
production adds to the denaturation effect. The inactivation of IFNY by this
procedure is confirmed by experimental data showing that during aerosoli-
zation only 0.4% of the initial activity of IFNY remains in the aerosol. The
addition of small liposomes increased this value to 27.7% (Kanaoka et al. 1999).
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In order for the droplets of the aerosol to reach the alveoli, their size
should not be larger than 5 um. Thus, a huge surface is created and a large
protein concentration is needed to ensure therapeutic activity. This makes
necessary the administration of large doses, which makes the treatment
considerably more expensive. Calculations show that if the diameter of the
droplet is 5 um and the surface occupied by one molecule of interferon is
about 20 nm? (Ealick et al. 1991), a concentration larger than 3.4 mg/ml is
needed to keep some interferon in the droplet unexposed to the surface
tension. This disadvantage could be avoided by using an aerosol of liposomal
IFNYy (Goldbach et al. 1996) or, as mentioned above, by addition of liposomes.
The effect of surface tension on IFNY activity needs further experimental
investigation. This is well justified, because the administration of drugs via
the respiratory tract is considered to be especially promising (Byron and
Patton 1994).

8.5 Liposomes

The application of IFNy encapsulated in liposomes leads to increased anti-
viral, antibacterial, and tumoricidal activities of the macrophages as com-
pared to the effect of free IFNYy (Kleinerman et al. 1985; Koff et al. 1985, 1994;
Sone et al. 1986b; Stukart et al. 1987; Philips et al. 1988, 1989; Rutenfranz et
al. 1990; Fidler 1992; Saravolac et al. 1996) and a stronger stimulatory effect
on the natural killer (NK) cells (Rutenfranz et al. 1990).

In mice intravenously administered liposomal IFNy has also activated
the alveolar macrophages, which shows that in this form it could penetrate
the hematopulmonary barrier. The liposomal IFNY also penetrates the skin
more easily, as shown in experiments with nude mice (Short et al. 1996) and
humans (Short et al. 1995).

The macrophage-activating effect of liposomal IFNy was increased
severalfold in combination with muramyl dipeptides or tripeptides and acyl-
tripeptides, which act synergistically with IFNYy (Sone et al. 1986a; Utsugi
etal. 1986, 1988; Stukart et al. 1987; Fidler et al. 1989; Philips et al. 1989;
Melissen et al. 1994; Goldbach et al. 1996).

The combination of IFNy and muramyl peptides very strongly increased
the antimicrobial resistance in mice, and this could also be used in humans to
decrease opportunistic infections after transplantations (Ten Hagen et al. 1995).

It should be taken into consideration that the lipid composition of the
liposomes affects the antiviral and antiproliferative activity of the included
IFNy (Smith et al. 1990; Yoshimura and Sone 1990; Anderson et al. 1994).
Negatively charged liposomes composed of phosphatidylic acid or of phos-
phatidylserine inhibit the induction of NO production by IFNYy. Such a neg-
ative effect is not observed in liposomes composed of phosphatidylcholine
(Aramaki et al. 1996). Negatively charged phosphatidylcholin liposomes
strongly stimulate the secretion of IFNY as compared to neutral liposomes
(Aramaki et al. 1995).

© 2002 by CRC Press LLC



58 Immune interferon: Properties and clinical applications

8.6 Other methods of delivery

Recently IFNYy use has been associated with biodegradable polymers, such
as lamellar particles of poly-L-lactides and poly-DL-lactyl-coglycolides
(Venkataprasad et al. 1999), microspheres of polylacto-coglycolic acid (Yang
and Cleland 1997), and polyvinyl-pyrolydon complexes (Mendiratta et al.
1999). This approach deserves further study and development.

Another delivery method is the use of adenoviral or retroviral recombi-
nant vectors that express IFNY or cytokines (Stoeckle et al. 1996; Xu et al. 1997;
Karavodin et al. 1998; Osaki et al. 1999).
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chapter nine

Side effects

The clinical use of IFNy started in 1983. Even the early experiments showed
that its parenteral administration has some side effects similar to those of
IFNo/B (e.g., see Gutterman et al. 1984; Bottomley and Toj 1985; Kurzrock
et al. 1986; Vadhan-Raj et al. 1986a,b; Reynolds et al. 1987; Schiller et al. 1987;
Kobayashi and Urabe 1988).

No side effects were observed after local application of interferons in
the form of a gel or unguent. The same holds true for inhalation of IFNy as
an aerosol, although experience with this sort of treatment is very limited.

Briefly, the side effects can be summarized as follows:

9.1 Frequent side effects

With low and moderate doses, fever with a moderate elevation of body
temperature, fatigue, headache, myalgia, sweating, loss of appetite, nausea,
diarrhea, and leukopenia (after long-term treatment) are frequent side effects.

9.2 Rare and very rare side effects

These include local erythema, local lymphadenopathy, cardiovascular dis-
turbances (hypotonia, arrhythmia, heart weakness); neuropsychological
and neurophysiological disturbances (Farkkila et al. 1988; Born et al. 1989);
respiratory disturbances, alopecia, and disturbed liver and kidney function
(Tashiro et al. 1996); even acute kidney insufficiency 19 days after treatment
with IFNy for acute lymphogenous leukemia (ALL; Ault et al. 1992). It is
believed that some cases of glomerulonephritis may be due to increased
secretion of interleukin-1 (IL-1) induced by lipopolysaccharide (LPS) and
additionally increased by IFNy (Newton et al. 1985; Kawasaki et al. 1993).

In very rare cases bone marrow hypoplasia and aplasia are observed
during treatment of chronic myelogenous leukemia (Talpaz et al. 1992). Also,
the appearance of antierythrocyte antibodies (Perez et al. 1991) and suppres-
sion of erythropoiesis (Mamus et al. 1985; Raefsky et al. 1985, Means et al.
1994) have been observed. IFNYy suppresses erythropoiesis by inhibiting pro-
liferation and inducing the Fas receptor, which leads to apoptosis of the
hematopoietic precursors (Sato et al. 1997).
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In general, in myeloproliferative diseases development of antinuclear
antibodies and rarely of systemic lupus erythematosus (SLE) are observed
after long-term IFN application (IFNa with low doses of IFNYy) (Wandl et al.
1992a). There is high toxicity when IFNY is combined with tumor necrosis
factor-o. (TNFo) (e.g., see Smith et al. 1991). When IFNY is combined with
IL-2, the toxicity was not higher than that of IL-2 alone (Viens et al. 1992).

Long-term subcutaneous or intramuscular administration of IFNy may
cause necrotic vasculitis with nonhealing wounds (Krainick et al. 1998).

All this requires that the parenteral application of IFNY (as well as the
other interferons) be performed in a clinical setting where possible cardio-
vascular disturbances can be treated. Even though they are very rare, such
disturbances could occur due to hypersensitivity to interferons, especially
with higher doses and repeated injections.

It is recommended to check the state of the kidney and liver functions.

Upon treatment with recombinant IFNYy, induction of antibodies has not
been observed (Liang et al. 1985; Jaffe et al. 1987; Dummer et al. 1991).
However, there are data that antibodies against natural IFNYy are present in
the serum of patients with viral infections and in some cases those with
active tuberculosis (Einhorn and Grander 1996) as well as in healthy indi-
viduals, but with a lower titer (Turano and Caruso 1993). It is interesting to
note that in women with antispermal antibodies an elevated level of IFNy
has been found, and it has been suggested that this could be a factor for
infertility (Witkin and Chandby 1989).

When parenteral administration of interferon is used, it is necessary that
the physician and the patient sign a declaration that they are aware of the
possible side effects.
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chapter ten

Infectious diseases

10.1  Viral infections

The antiviral effect of interferon gamma (IFNY) is very well manifested in a
number of viral infections such as herpes simplex virus type 1 and type 2
(HSV-1 and HSV-2, respectively) (see Section 10.1.1); herpes zoster (see
Section 10.1.2); viral infections of the eye (see Section 10.1.3); condylomata
accuminata, common warts; and human papillomaviruses (HPV) (see
Section 10.1.5). Other viruses sensitive to IFNy are the encephalomyocarditis
virus, the influenza virus (see Section 10.1.4), the meningovirus, the vesicular
stomatitis virus, enterovirus 70, CVA 24, the hepatitis A virus (see Section
10.1.7), rhinoviruses, cytomegalovirus (CMV) (see Chapter 11, Section 11.2),
human immunodeficiency (HIV) (see Section 10.1.6), adenoviruses (see
Section 10.1.3), and others. The antiviral effect is accomplished by activated
T helper 1 (Th1l) lymphocytes, where the interaction between the virus-
specific CD4+ and the CD8+ helper lymphocytes is of importance especially
for persistent infections (Berger et al. 2000).

10.1.1 Herpes simplex virus type 1 and type 2 (herpes genitalis)

These viral infections are extremely frequent and show a tendency to recur-
rences. It has been reported that herpes labialis (HSV-1) affects almost 50%
of the population of the United States and more than 25% of the infected
individuals often have severe recurrent infections (U.S. Department of
Health 1980). Every year 19 million people are infected in France. In Bulgaria
(Karagyozov et al. 1989) genital herpes is presently manifested as an epi-
demic sexually transmitted disease. The problem with genital herpes (and
with herpes 1 infections) is the high frequency of recurrences, which are due
to a latent form of the virus in the sensory neural ganglia. These patients
usually have insufficiencies in their cellular immunity. On average genital
herpes can recur four times a year in 80 to 90% of patients who have been
infected once (Corey et al. 1983).

The best antiviral drug, approved for oral, systemic, and local applica-
tion, is the nucleoside Acyclovir (Zovirax). It can decrease the number of
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recurrences if it is constantly taken per os. Discontinuation of the prophy-
lactic daily intake increases the number of recurrent infections (Straus et al.
1984, 1986). Applied topically, Acyclovir suppresses viral replication and
accelerates healing, but it does not prevent recurrrences (see, e.g., Corey et al.
1982; Bryson et al. 1983).

It has been concluded that Acyclovir “is not curative, and the high cost of
treatment, as well as the unknown toxicity with long-term administration make
it a less than satisfactory solution to the problem” (Whittington et al. 1984;
Mandelson et al. 1986). Nevertheless, Acyclovir is widely used, which is an
indication of how widespread these infections are. For example, in France, the
annual sales of this medication amount to 771 million Fr, and in 1991, Acyclovir
sales in the world were estimated to 4 billion Fr. (around U.S. 600 million).

The need of continuous intake of the drug, its high price, and its toxicity
demanded the search for new therapeutic agents. The first area of research
was aimed at the interferons.

Experimental data show the inhibitory effect of all three types of inter-
feron on the replication of the herpes simplex virus and the induction of
viral resistance in the treated cells (Zawatsky et al. 1982; Chatterjee et al.
1985; Overall et al. 1985; Kawaguchi et al. 1986; Arvin et al. 1992). Replication
of HSV-1 in mouse macrophages is suppressed by the interferons (Domke
et al. 1985). The sensitivity of 19 herpesvirus strains to interferons was tested,
and it was found that each strain had a characteristic sensitivity to each of
the three types of interferon (Arao et al. 1987).

Experiments with knockout mice (with a damaged, not functional IFNy
gene) have shown that during infection of the central nervous system with
HSV-1 IFNy protects the neurons from the destructive encephalitis caused
by this virus (Geiger et al. 1995a, 1997; Dalton et al. 1997). These knockout
mice are more sensitive to skin infections caused by HSV-1 (Yu et al. 1996b).
It was also shown in normal mice that the elimination of skin infections
caused by HSV-1 depends on IFNy (Smith et al. 1994). In mice with the
knocked out IFNY gene there is an increased replication of the virus in the
ganglia of the trigeminus (Cantin et al. 1995). IFNY protects newborn mice
from lethal HSV-1 infection by activating the antibody-dependent toxicity
of the macrophages and the production of superoxides (Kohl et al. 1989).
Blocking IFNy with antibodies prior to infection of mice with the herpes virus
increased mortality (89% compared to 37% in the controls). The antibody
had the strongest effect if the interferon was blocked during the first 24 hours
of infection (Stanton et al. 1987). The role of the immune response and the
synthesis of IFNYy in the elimination of herpes infection (HSV-1) also is
revealed by the role of physiological stress which suppresses this immune
reaction (Bonneau et al. 1997).

In 30% of individuals with frequent HSV-1 infections defective produc-
tion of IFNYyis found when isolated macrophages are induced with the virus
in vitro (Klieman et al. 1985). IFNY does not play a role in the reactivation of
the virus, but it contributes to its rapid suppression when it is reactivated
(Cantin et al. 1999a).
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In neonates a lack of response to IFNY was observed with an enhanced
cytotoxicity of the natural killer (NK) cells toward HSV under the effect of
recombinant IFN (Oh et al. 1986). Many patients react to HSV-1 infections
with an increased level of serum IFNy (Yamamoto et al. 1993), which is
probably a protective reaction.

It is interesting that HSV-1 mortality in mice is greater after inactivation
of the IFNYy receptor gene than after inactivation of the IFNYy gene itself. This
suggests the presence of an alternative ligand for the IFNYy receptor which
ensures antiviral protection (Cantin et al. 1999b).

For genital herpes (HS5V-2) in mice, it was also shown that the virus was
sensitive to IFNYy, which also provided viral resistance (Pinto et al. 1990; Parr
and Parr 1999), and its neurovirulence was due to defective production of
IFNy (Lewandowski et al. 1998). Again in experiments with mice it was found
that IFNYy helped to eliminate the infection of the genital tract with HSV-2
by stimulating the CD4+ and CD8+ T cytotoxic lymphocytes (Milligan and
Bernstein 1997). It appears, however, that this is not the most important
mechanism and that the macrophages stimulated by IFNYy play the major
role (Seid et al. 1986). SCID mice (which lack functional B and T lymphocytes)
infected with herpes virus and cytomegalovirus develop macrophage infil-
trates as normal mice (Heise and Virgin 1995). Both IFNy and tumor necrosis
factor oo (TNFar) play a major role in macrophage activation independently
of the Band T cells. Human blood monocytes activated in vitro with liposomal
IFNY kill cells infected with HSV-2 without affecting the noninfected cells
(Koff et al. 1984). There are data that the suppression of viral replication by
IFNy is connected with the induction of nitric oxide (NO) in the macrophages
(Croen et al. 1993; Karupiah et al. 1993; Komatsu et al. 1996; Baskin et al. 1997;
Paludan et al. 1997). Despite these data it is believed that the mechanisms of
the antiviral activity of interferons are not completely elucidated.

It has to be considered that in order to avoid the immune system HSV-1
expresses an early protein, ICP47, which blocks the presentation of viral
peptides by cells with major histocompatibility (MHC) class I antigen. This
protein binds to TAP (transporter for antigen presentation) and interferes
with the translocation of peptides within the endoplasmic reticulum (Hill
et al. 1995).

It is known that the interferons increase the expression of MHC I. Besides
this, both IFNo and -y inhibit the early protein ICP4 of the IE3 gene but
through different mechanisms. IFNY inhibits it at the level of translation,
whereas IFNo inhibits it at the level of transcription. Thus, inhibition occurs
at the early stages of infection, but late genes are also affected (Klotzbucher
et al. 1990).

Some data show that the activity of the transactivating protein, VP16,
or a complex of it with the host protein(s), is attenuated by the interferons,
whereas the adsorption, penetration, uncoating, and transport of viral DNA
are not affected (De Stasio et al. 1990).

Despite the antiviral activity of all three types of interferon, comparative
experiments show that they differ in their inhibitory effect on herpes virus
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Figure 10.1 Involution of the vesicles in herpes simplex 1 infection treated with
Virogel G5 ([1) and placebo (H).

100~

754

% 50

254

1.0 3.0 5.0
Days

Figure 10.2 Course of epithelization of patients with herpes simplex 1 infection
treated with Virogel G5 ([]) and placebo (H).

replication. In cultured human corneal cells the interferons are arranged in
the following way based on their antiviral activity: IFNB>rIFNy>IFNo
(lymphoblast)>rIFNo2a>rIFNaA/D and in monkey kidney cells Vero:
rIFNy>IFNB=IFNoa (lymphoblast) > rIENaA/D > rIFNo2a (Taylor et al.
1998). In human WISH and Hep-2 cells it has also been found that IFNy
inhibits to a greater extent than IFNo. An antiviral effect of IFNYy is not found
in human T cells infected with HSV-1 (Thiele and Kirchner 1988). The syner-
gistic antiviral effect of the combined application of IFNo and IFNYy has been
shown in many studies. All of these data are in contradiction with the
popular belief that IFNY has a lower antiviral activity than IFNo.

Several clinical trials have been conducted with different interferons —
natural leukocyte IFNa. (intramuscularly) (Levin et al. 1982; Pazin et al. 1987),
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Figure 10.3 Evolution of the symptoms of patients with H. simplex 2 (H. genitalis)
treated with IFNy gel (Virogel G5) (l) and with placebo ([J) (% of patients with the
corresponding symptom).

recombinant IFNo-2a and 2b (subcutaneously) (Eron et al. 1986; Kuhls et al.
1986; Mandelson et al. 1986; Lassus et al. 1987). The results of these trials
revealed different antiviral activities and various side effects. Contradictory
results were obtained with topical application of IFNo (Rapp and Wroz 1985;
Batcheler et al. 1986; Friedman-Kien et al. 1986; Eron et al. 1987; Glezerman
et al. 1988; Sacks et al. 1990). There are reports for topical applications of
IFNy locally in recurrent infections with HSV (Torseth et al. 1986).

Trials conducted in Bulgaria in different clinics as well as with outpa-
tients show a curative effect of the treatment of HSV infections with Gam-
maferon gel (Virogel G5) applied topically (Figures 10.1 to 10.3; Table 10.2).
As can be seen in Table 10.2, in 63% of all cases the effect was assessed as
very good and in 37% as good. Lack of effect was not observed. In outpa-
tients, however, in some rare cases, mostly upon late treatment, a lack of
effect was observed.
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Table 10.1 Effect of Virogel G5 on the time for disappearance of the corresponding
symptom in herpes zoster infection (average data)

Virogel G5 Number Common treatment Number
Symptom (days) of patients (days) of patients
Pain relief 3.9 29 13.6 22
Crust formation 3.8 30 12.3 30
Epithelization 6.8 30 15.6 30

Table 10.2 Effect of Virogel G5 and placebo on herpes simplex I virus infection
(average data)

Virogel G5 Placebo

Symptoms (days) (days)
Erythema disappearance 2.16 2.16 — 2.8
Fresh vesicles 1.17 2.3 — 2.0
Crust formation 1.64 2.0 — 2.3
Crusts only 2.80 4.5 — 5.2
Number of patients 17 10 0 30
% of patients 63 37 0 30
Evaluation of effect Very good Good  Absent —

In infections with genital herpes both natural and recombinant IFNo
have been applied topically as a cream (20,000 IU/g) (Ghyka et al. 1989) or
as parenteral injections (5 x 10° IU of IFNa2 once daily for 5 days followed
by 10° IU three times a week for 3 months) (Mendelson et al. 1986). After
topical application a reduction in the healing time was noted, especially if
applied during the first 2 to 3 days of the infection. No effect of parenteral
application was observed in women, whereas in men the recovery period
and shedding of the virus in recurrent infections were accelerated.

The effect of the topical application of Gammaferon gel (Virogel G5) on
genital herpes infections in clinical trials as compared to placebo is shown
in Figure 10.2. A significant pain relief and reduced clinical symptoms were
found as compared to the placebo.

10.1.2  Herpes zoster

The infection caused by the varicella-zoster virus (VZV) is believed to occur
when the cellular immunity is impaired or after trauma. In people with latent
VZV a suppressed immune function was found during the early phases of
the infection upon its reactivation. The late phases of healing are accompanied
by the reestablishment of a normal immune function (Saibara et al. 1993b).
VZV infects more than 90% of the population by the age of 15 and affects
annually up to 300,000 people in the United States. The incidence of the
infection varies in different age groups — from 0.3 to 0.6% in children, 1.6%
in adults under the age of 40 years, and 10% in adults of 80 years or older.
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Among the different complications the most common are neurological, espe-
cially postherpetic neuralgia, which according to some investigators occurs
in 50% of elderly patients over the age of 60 years and may become a chronic
pain syndrome (Lee and Annunziato 1998).

The role of the interferons in this infection is revealed by the fact that
mice lacking interferon receptors have a strongly decreased resistance to
vaccinia virus with a large shift of the IgG distribution to IgG1 (van den
Broek et al. 1997), which suggests a shift to Th2 profile (see Chapter 2).

There are data that VZV is more sensitive to the antiviral activity of all
three types of interferon. In comparative studies some investigators find that
IFNo and IFNP are more active than IFNy (Balachandra et al. 1994). The
inhibition of VZV infection occurs through induction of NO synthase leading
to increased synthesis of NO, which does not affect early proteins, but
inhibits the synthesis of late viral proteins, viral replication, and the forma-
tion of viral particles (Harris et al. 1995). There are mutant strains of the
virus that are resistant to Acyclovir, phosphonoacetic acid, and bromo-
deoxyuridine but are sensitive to IFNB, which has a significant effect before
the synthesis of the early viral proteins (Balachandra et al. 1994). For the
application of different chemical compounds see elsewhere (Lee and Annun-
ziato et al. 1998).

Effective treatment with a combination of acyclovir and leukocyte inter-
feron has been reported (Baba et al. 1984). In several cases patients with
immune deficiency with heavy VZV infections recovered rapidly upon treat-
ment with IFNo (Levin 1984). There is a report that three cancer patients
were cured from VZV infection after subcutaneous administration of IFNy
(Kabayashi and Urabe 1988). The effect of this cytokine on postherpetic
neuralgia has also been reported (Usuki et al. 1988).

The results of clinical trials conducted in three Bulgarian clinics* with
patients 20 to 77 years old show a strong healing effect after topical appli-
cation of Gammaferon-gel (Virogel G5). The results of one trial are shown
in Table 10.1. The distribution of patients according to days necessary for an
improvement of the clinical symptoms is shown in Figure 10.4.

Following treatment with Virogel G5, postherapeutic neuralgia has not
been observed even in elderly patients. Our conclusion is that the local
application of IFNyin the form of a gel is an effective, harmless, and relatively
inexpensive treatment for this serious infection.

10.1.3 Herpetic and adenoviral eye infections

The antiviral activity of interferons supports their application for treatment
of viral infections of the eye.

* National Institute of Dermatology and Venerology, Sofia (Prof. Dr. A. Durmishev, Prof. Dr. C.
Berova, Dr. A. Nikolova); University Clinic of Gynaecology and Obstetrics, Sofia (Prof. Karag-
jozov et al.); Medical University, Department of Dermatology, Plovdiv (Prof. Dr. ] K. Savova,
Assoc. Prof. E.S. Teodossieva, Dr. R.K. Yankov).

© 2002 by CRC Press LLC



89

124 Pain 124 Crusts
10A 10A
N 4l N 4]
6 6
44 44
2 24
0102.03.0 4050 6.0 7.0 8.0 9.0 10.0 0402030405060 708090 10.0 S
Days Days 2
=
3
I3
§.
=
3
=
127 Necroses 124 Epithelization §
10+ i o
N N o
81 8- S
=
6 6 Q
=
4 4 &
21 21 2
SW
0"90203.040506.07.0809.010.0 0"90203.04.05.06.07.08.0 9.0 10.0 12.019.0 =}
=
Days Days B
S
Figure 10.4 Distribution of 30 patients with H. zoster according to the symptoms during ]
treatment with IFNy gel (Virogel G5). N — number of patients. =
S
=
)
3
»

© 2002 by CRC Press LLC



Chapter ten: Infectious diseases 69

This was first confirmed by experimental data in mice. Intraocular infec-
tion of mice with HSV-1 leads to bilateral retinitis. This infection is prevented
by IFNy which turns out to be independent of MHC class I or class II
expression (Geiger et al. 1995b).

Transgenic mice which express the IFNY gene in their photoreceptor cells
can survive a HSV-2 infection in both eyes, in the optic nerve, and in the
brain, an infection which is lethal to the control mice (Geiger et al. 1995a).
The survival correlates with a considerably smaller number of apoptotic
neurons in the central nervous system (CNS) which is due to the induction
of the antiapoptotic proto-oncogene Bcl-2 in the brain of the transgenic mice.

Knockout mice with an inactivated IFNYy gene develop stromal keratitis
after infection with HSV-1. The infection develops in the same way as in
control mice, but the virus is retained for a longer period in the cornea and
the mice are much more susceptible to encephalitis due to a reactivity shift
from Thl to Th2 phenotype (Bouley et al. 1995). It was shown that the
combination of IFNo and IFNYy suppressed the replication of the virus in
infected epithelial and fibroblastic cells of the cornea (Neumann-Haefelin
et al. 1985; Balish et al. 1992; Chen et al. 1994), which was found to be
connected with the induction of IFNP (Chen et al. 1994). After an HSV-1 eye
infection, the virus remains in a latent state in the ganglia of the trigeminus
(Halford et al. 1996). IFNYy plays an important role for elimination of the
virus from the cornea and the trigeminus (He et al. 1999; Leib et al. 1999).

A study of tear cytokines in spring conjunctivitis has shown that this
allergic reaction is associated with elevated concentrations of Th2 cytokines,
which play a major pathophysiological role in this reaction (Leonardi et al.
1999; Uchio et al. 2000). This justifies the application of Th1 cytokines, such
as IFNy.

Attempts to treat eye infections with local application of interferons gave
varying results. We have found few literature data on the use of IFNY for treat-
ment of viral infections of the eye in humans. Contrary to experimental data on
mice that the inflammatory processes in stromal keratitis caused by HSV-1 are
due to Thl cytokines (IFNy and IL-2) (Hendricks 1997; Tang et al. 1997), in
practice IFNy shows a good healing effect (see below), which is in agreement
with the experimental data described above. In the African green monkey it has
been shown that human IFNYy applied locally in concentrations >3 x 10° IU /ml
prevents the development of HSV-1-induced keratitis (Neumann-Haefelin
et al. 1985). Early experiments with keratitis dendritica showed a similar heal-
ing effect of IFNy and IFNo. However, very high doses were used (30 x 10°
IU/ml) upon interferon monotherapy in combination with trifluorothymidine
or 1.5 x 10° IU/ml of each of the two interferons when used in combination
(Sundmacher et al. 1987).

Because of the scarce literature data on the use of IFNY for treatment of
eye infections in humans, we will present several cases from the clinical trials

conducted in Bulgaria (Table 10.3).
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Table 10.3 Effect of Gammaferon on viral eye infections

Before Gammaferon After Gammaferon
Subjective Objective Complete
Duration improvement improvement healing
Diagnosis (days) Treatment (days) (days) (days)
Herpes simplex
Keratitis dendritica 2-3 — 1-2 2-3 6-7
Keratitis geographica 7-9 Corticosteroids 34 — 11-12
Keratitis stromatica 11 Corticosteroids; solkoseril 2 4 16
Kerato uveitis 7-16 Acyclovir; keracid 2 34 10-15
Keratitis trophica (metaherpes) 7 Acyclovir; keracid 2 No effect No effect
Herpes zoster
Blepharoconjunctivitis 2 — 2 3 6
Keratoiritis 3-5 Corticosteroids 2 2-3 9-11
Adenoviruses
Conjunctivitis 24 Sulfonamids 1 1 4-5
Keratoconjunctivitis 6-12 Depresolon; Ophtalmoseptonex 1-2 24 6-11
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Similar results were also obtained in the other two hospitals. We should
draw attention to the curative effect of Gammaferon at a 300 times lower
concentration (10° IU/ml) as compared to the doses cited above.

The effect of Gammaferon is especially outstanding in adenoviral infec-
tions where the ophtalmological practice has limited capacities. Adeno-
viruses are believed to be relatively insensitive to interferons (Tiemessen and
Kidd 1993). However, it has been shown that they are sensitive to recombi-
nant IFNy (Mistchenko and Falcoff 1987; Mistchenko et al. 1987).

In mice, IFNYy eliminated the virus from infected liver cells by activating
the antigen-specific cytotoxic T lymphocytes (CTL) and increasing the
expression of MHC class I molecules on target cells (Yang et al. 1995). Some
data show that the suppression of adenoviral replication is due to a blockade
of protein assembly and therefore a blockade of viral maturation (Mayer
etal. 1992).

The conclusion from the clinical trials is that “Gammaferon eye drops”
are well tolerated, and no side effects have been observed after their local
application. A very good therapeutic effect was obtained in viral eye infec-
tions caused by HSV, herpes zoster virus, and adenoviruses. There was no
effect in trophic herpes keratitis (metaherpes), where the pathogenesis does
not justify the application of IFNY.

Based on these results, Gammaferon-collyrium was approved for pro-
duction and for use in the ophthalmological practice in Bulgaria.

10.1.4 Respiratory viral infections

The epidemic incidence of respiratory viral infections (including influenza)
affects a large percentage of the population and its economical and social
importance is well known. IFNa and IFNf have been used with varying
success for prophylactics and treatment of such infections.

The use of interferons is justified by their antiviral activity and by exper-
imental data on animals. IFNYy considerably inhibits the replication of a
number of viruses, including the influenza virus (Figure 10.5) (Horisberger
and Zeller 1987; Komatsu et al. 1996).

Mice with a knocked out IFNYy gene show a considerably decreased
survival rate after infection with the influenza virus (Bot et al. 1998). The
most recent data show that IFNo, IFNJ, and IL-18 (an IFNy-inducing factor)
produced by macrophages during viral infections induce IFNyand thus play
an important role for the establishment of a protective Thl-type immune
response (Bot et al. 1998; Sareneva et al. 1998). The influenza virus induces
the production of IFNy by both T and non-T cells of the respiratory tract
(Baumgarth and Kelso 1996). The IFNy-producing T cells in the nose partic-
ipate in a specific acceleration of the recovery from influenza infections
(Tamura et al. 1996). Liposome-included IFNy showed a twofold stronger
macrophage-stimulating effect than free IFN (Saravolac et al. 1996). When
administered intranasally in mice infected with the influenza virus, lipo-
some-included IFNYy protected 70% of the animals as compared to 20% for
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Figure 10.5 Inhibition of protein synthesis of the influenza virus by IFNy end IFNa.
(According to data by Horisberger and Zeller 1987.) Ordinates — % of synthesized
viral protein.

the free IFNY. Also during influenza virus infection, IFNy induces NO syn-
thesis. However, some data indicate that in mice the nitric oxide, by inter-
acting with oxygen radicals, may be the reason for the development of viral
pneumonia (Akaike et al. 1996).

There are no data in the literature concerning the use of IFNy for pro-
phylaxis and treatment of respiratory viral infections in humans. Our unof-
ficial observations show the possibility of prophylaxis (and to a certain extent
for a healing effect upon early application) through repeated treatment of
the nasopharyngeal cavity with a 10* to 10° IU/ml Gammaferon solution.

10.1.5 Human papillomaviruses

See also Chapter 12, Section 12.9 and review by Kirby and Corey 1992.

10.1.5.1 Condylomata acuminata
These anogenital warts are caused by 14 types (of the more than 60 types)
of human papillomaviruses (HPV). Some types of HPV, such as HPV16 and
HPV18, have a transforming ability that can cause cervical cancer. Some of
these viruses are sexually transmitted, and the cases of genital warts are
increasing, affecting about 1% of women of reproductive age (Schonfeld et
al. 1984). Seventy percent of the partners of patients with genital papillomas
are also infected. It is believed that the risk of infection is 50% at first contact
(Beutnar 1989), which explains the increasing number of cases of condylo-
mata acuminata in developing countries.

This is illustrated by the increased number of cases in England — from
21,959 in 1976 to 67,078 in 1986 (Statistical Bulletin 1988). Similar results
are also reported for France, Canada, Finland, Japan, and other countries
(Karagyozov et al. 1989). In the United States 1 to 10% of women in the
reproductive age have genital papillomas, and there are 1.3 to 1.4 million
clinical consultations for this disease each year (Centers for Disease
Control, 1983).
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Condylomata acuminata is one of the hardest problems to deal with in
dermatology. There are reports of cases with a 26 to 30-year duration. Tra-
ditional therapy includes podophylin, trichloroacetic acid, 5-fluorouracil,
and surgical removal through electrocauterization, cryosurgery with carbon
dioxide, laser, and excision with a scalpel. Nevertheless, recurrences are
frequent due to difficulties in eradication of the whole lesion and to the
possibility of the virus remaining in a latent form (viral reservoirs) in neigh-
boring epithelial cells and mucous membranes. Also, these treatments have
side effects such as pain, local irritation, and ulcerations. There has also been
a report of a case of death due to high doses of podophylin (see Margolis
1982 and references therein).

It has been shown that the interferons, including IFNy, selectively suppress
the expression of HPV18 mRNA in infected HeLa cells (Nawa et al. 1990).

Clinical trials on condylomata acuminata patients have been conducted
using natural and recombinant IFNo and IFN; in most cases in the form of
local or systemic injections (e.g., Schonfeld et al. 1984; Weck et al. 1988;
Horowitz 1989; Panici et al. 1989; Stadler et al. 1989; Douglas et al. 1990;
Vance and Davis 1990; Welander et al. 1990; Condylomata Intern Study
Group 1991, 1993; Cirelli and Tyring 1994). For IFNa administered through
systemic or local injections at relatively high doses, the complete and partial
effect varied between 36% and 80% accompanied by side effects.

Natural IFNo was applied topically for the first time in 1975 with a
therapeutic effect (Ikic et al. 1975). Topical application of IFNo. or IFNB was
found to be less effective (for a review, see Stadler et al. 1989). Although an
IFNP gel (Fiblaferon) eliminated the papillomas, it also prevented recurrent
infections (Berthold et al. 1989; Brzoska et al. 1989). Some results according
to literature data are summarized in Table 10.4.

Relatively few trials have been conducted with IFNy, most of them
through systemic injections (50 to 100 pg), which resulted in 50 to 60%
reduction of the healing time (Gross et al. 1989a; Mahrle and Schulze 1990;
Rockley and Tyring 1995), and also as adjuvant therapy in refractory cases
(Zouboulis et al. 1992). Repeated therapy with interferons can be applied
safely and successfully in cases of stubborn and recurrent condylomas

Table 10.4 Effect of different interferons on C. acuminata

Route of application IFN Effect (%)
s.C. v (rec.) 64
im. B 82
il B 50
il B 67
iv. B 61
iv. o (rec.) 39
iv. o 48
local B (gel) 69

Note: s.c. — subcutaneous; i.m. — intramuscular; i.l. — intralesional;
i.v. — intravenous; rec. — recombinant.
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(Reichel et al. 1992). Comparative trials showed a healing effect for all three
types of IFN (Rockley and Tyring 1995), where the lowest number of recur-
rent infections was after treatment with IFN and IFNy (Bonnez et al. 1995).
The combination of IFNy and IFNo did not show any advantages over
monotherapy (Trizna et al. 1998). In general, treatment with interferons had
given favorable effects in two thirds of all cases. However, with this treat-
ment, recurrent infections remain a big problem due to the presence of latent
reservoirs of HPV.

An important factor for papilloma regression is the expression of HLA
class II antigens in the presence of CD4+ and CD8+ T lymphocytes. Biopsies
comparing the local state in a positive response and in the absence of
response showed some differences. A positive effect revealed increased
involvement of macrophages, NK cells, and activated CD4+ T lymphocytes
directed against infected keratinocytes, which corresponds to a positive Th1l
response (production of IL-2 and IFNY). All data show that the immunore-
activity in genital papillomas is associated with an increased Thl or mixed
Th1/Th2 mRNA expression (Grassegger et al. 1997).

In resistant cases a loss of Langerhans’ cells in the lesion is observed
leading to decreased expression of HLA class II antigens. It has been reported
that these cases are neither connected with a disrupted IFNY signaling nor
with viral copy numbers, but the resistance correlates with differential
expression of the early E7 and late L1 viral genes. The E7 gene is most
expressed in patients who respond favorably, whereas in the resistant ones,
it is the L1 gene that is most expressed (Arany et al. 1995a,b; Arany and
Tyring 1996).

Our preliminary results show that topical application of Gammaferon
gel has a healing effect in cases of condylomata, but the concentration of
IFNY has to be increased — in the order of about 10° IU/g gel.

10.1.5.2  Laryngeal papillomas
These are caused by HPV types 6 and 11. The disease shows a bimodal
distribution with regard to age — one group was affected between 6 months
and 4 to 5 years of age and another was affected between the ages of 20 and
50 years (adult group). The common treatment is surgical with frequent
recurrences. IFNa and B have been successfully used.

A correlation was found between frequent recurrences and low expres-
sion of TAP-1 antigen and MHC class I, which are associated with antigen
presentation. IFNY increases the expression of these two antigens (Vambutas
et al. 2000). Bearing in mind these data and also the effect of IFNy on other
HPYV, a curative effect on pharyngeal papillomas has to be also expected.

10.1.5.3 Common warts

They are benign formations induced mainly by HPV types 1, 2, 4, 7, and 11.
They often cause cosmetic defects.
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The treatment usually includes local application of drugs containing
salicylic acid, podophylin, formaldehyde, cryotherapy, curretage, electrocau-
terizaton, 5-fluorouracil, iododeoxyuridin, and local injection with bleomy-
cin. Different interferons have been used with varying success, mostly
through local injection.

A case has been described of a patient who suffered for 26 years from
warts resistant to different treatments. He was cured after immunotherapy
with dinitrochlorobenzol after a single injection of IFNYy into the wart. This
led to the disappearance of all warts after 1 to 2 days (Shiohara et al. 1989).

Our unofficial observations show that many common warts can be
removed after daily topical treatment with Virogel G5 for 1 to 3 months
(using leukoplast to cover the treated warts).

10.1.6 Human immunodeficiency virus infection

The difficult and yet unsolved problem of healing HIV-infected people raises
the question of the role of the immune system and more specifically the role
of cytokines in the fight against HIV infection (Mathe et al. 1996; Valdez and
Lederman 1997). Taking into consideration the important role of IFNy in the
defense against different pathogens (for a review, see Murray 1996a), this
cytokine is of particular interest. Normally following infection, the synthesis
of IL-12 is induced in lymphocytes, which stimulates these cells to synthesize
IFNy. IFENY, on the other hand, stimulates the phagocytic activity of macro-
phages which kill pathogens by producing superoxide anions or NO (see
p- 33). The role of oxygen metabolites produced by IFNy-activated mono-
cytes for suppressing the infectiousness of HIV particles has been shown in
cell culture (Ennen and Kurth 1993).

A number of studies during the last 3 to 4 years show that disturbances
of the immune system caused by HIV lead to an expressed disbalance in
cytokine synthesis by T lymphocytes. The role of IFNyin HIV infections can
be demonstrated by two sets of data: (1) the changes in the cytokine profile
which occur after infection with HIV and its progression to acquired immuno-
deficiency syndrome (AIDS) and (2) The effect of different cytokines on the
course of this infection.

10.1.6.1 Changes in cytokine profile

As far as the first group of data is concerned, the large part of the studies
show that during HIV infection and its progression to AIDS a gradual loss
of T-cell function occurs with a domination of Th2 cytokines produced by
CD4+ cells. When the number of these cells decreases or they are completely
lost, Th2 cytokines are also produced by a subclass of CD8+ T lymphocytes
(Paganellli et al. 1995; Rodriguez et al. 1997; Dalod et al. 1999; Westby et al.
1999). The following data show the shift in the cytokine profile from Th1 to
Th2 type:
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® CD4+ T cell clones isolated from seropositive (HIV+) individuals
show a decreased secretion of Thl cytokines and increased Th2 pro-
duction (Meyaard et al. 1994; Agarwal and Marshall 1998). The same
applies to vertically HIV-infected children, who produce considerably
less Thl-type cytokines and more Th2 as compared to noninfected
children (Leo et al. 1996; Than et al. 1997; Vigano et al. 1997). De-
creased production of IFNy and a decreased percentage of cells that
synthesize IFNyand IL-2 during HIV infection have also been reported
in many other studies (Meyaard et al. 1996; Klein et al. 1997; Rodriguez
et al. 1997; Agarwal and Marshall 1998; Empson et al. 1999). Changes
in the cytokine profile were also found in the saliva. Whereas in the
saliva of healthy individuals, types Thl and ThO are found; in HIV-
infected individuals, the Th2 profile dominates (Leigh et al. 1998).

¢ Acute HIV infection of isolated T cells leads to a dramatic decrease
in IFNYy mRNA expression (Fan et al. 1997).

* Th2 cytokines dominate in the genital tract of HIV+ women, which
could be the reason for the decreased cytotoxic potential of the CD8+
T lymphocytes and could contribute to infection susceptibility and
cervical neoplasia (Olaitan et al. 1998).

¢ The number of CD4+ T cells in HIV+ individuals positively correlates
with the level of IFNY and negatively with the IL-10 level (Salvaggio
et al. 1996). In individuals with CD4+ T cells less than 400/ul, IFNy
mRNA in unstimulated lymphocytes is considerably decreased and
IL-10 mRNA is increased as compared to patients with CD4+ T cells
>400/ul (Diaz-Mitoma et al. 1995).

¢ In asymptomatic HIV+ adults normal cytokine secretion is observed
during the course of 2 years (Canaris et al. 1998). In a different study
involving asymptomatic HIV-infected it was found that 60% of them
had an elevated number of lymphocytes capable of synthesizing large
quantities of IFNy (Caruso et al. 1996). Asymptomatic HIV-infected
children also have an increased level of IFNY in the serum (Bhatnagar
et al. 1996).

¢ Lunglymphocytes of HIV-infected individuals secrete large quantities
of IFNy, but this ability is lost during the late stages of the disease
(Twigg et al. 1999).

® During the progression of the disease in HIV+ patients, the production
of IFNY and IL-2 by mononuclear cells in the blood is decreased,
whereas the production of IL-4 and IL-10 is increased as compared to
healthy or infected but non-progressing individuals (Clerici et al.
1996, 1997a). In general, in agreement with the data presented above,
the progression from HIV infection to AIDS symptoms is associated
with a shift of the cytokine profile from Thl to Th2 (Altfeld et al.
2000). The disturbed balance in the Th1/Th?2 ratio leads to decreased
synthesis of IFNo, also (Hober et al. 1998). Upon progression of the
disease toward AIDS, a decrease of IFNYy along with a decrease in IL-13
also has been reported (Bailer et al. 1999).
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Figure 10.6 Survival (in %) of 347 HIV-infected individuals depending on the
concentration of IFNY in their blood. (According to data by Ullum et al. 1997.)
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Figure 10.7 Increased survival rate (in %) of HIV-infected individuals with IFNy
concentration in the blood >4 ng/ml vs. those with an IFNy concentration <4 ng/ml.
(Calculated from the data in Figure 10.6.)

* The progression to AIDS leads to an increased serum level of IgE and
to esinophilia. This is associated with an increased production of Th2
cytokines (Paganelli et al. 1995; Agarwal and Marshall 1998).

¢ Astudy of 347 HIV+ individuals shows a positive correlation between
the level of IFNY in the blood and the length of the asymptomatic
period before clinical symptoms of AIDS appear (Ullum et al. 1997)
(Figure 10.6). Based on these data, calculations show that when there
is more than 4 ng/ml IFNy in the blood, the life expectancy of HIV+
individuals is extended — 2.5 years after infection there are 50% more
survivals (Figure 10.7).

¢ The IFNY/IL-4 ratio is considerably lower in patients with cytopathic
strains of HIV (Benyoucef et al. 1998). This ratio also decreases

© 2002 by CRC Press LLC



78 Immune interferon: Properties and clinical applications

concerning the cytokines of the CD4+ and CD8+ T cells (Meyaard
et al. 1996).

¢ In individuals controlling the viremia without antiviral therapy a
strong and constant proliferative response of the HIV-specific CD4+
T lymphocytes is observed, resulting in production of IFNY and beta-
chemokines (Rosenberg et al. 1997).

¢ In seronegative individuals the CD8+ T cells produce IFNYy but not
IL-4. In seropositive patients a large number of CD8+ T cells produce
both IFNy and IL-4 (type ThO) or they become the Th2 type due to
defective production of IL-12 by infected macrophages (Maggi et al.
1995, 1997).

In general, the data show that during HIV infection the stable condition
without progression of the disease is related to the increased ability of T cells
to synthesize IFNY. This appears to be determined by the ratio between
suppressor (CD8+CD28-) and cytotoxic (CD8+CD28+) T lymphocytes
(Caruso et al. 1996; Mathe et al. 1996; Zanussi et al. 1996).

Special attention should be given to the relationship between the two
cytokines, IFNy and IL-12. Normally, IL-12 is induced shortly after HIV
infection, and it strongly activates the synthesis of IFNy by CD4+ and CD8+
T lymphocytes and macrophages. This is an important mechanism for stimu-
lating the macrophages to phagocytic activity and for generation of Thl-type
cells (Paganin et al. 1995; Seder et al. 1995; Lau et al. 1996; McDyer et al.
1997; Trinchieri et al. 1997). On the other hand, IFNy stimulates the produc-
tion of IL-12, which is heavily disturbed in HIV infection (Fantuzzi et al.
1996; Gately and Mulqueen 1996; Harrison and Levitz 1997; Trinchieri et al.
1997; Chougnet et al. 1998). There are also data showing that if mono-
cytes/macrophages are pretreated with IFNy, the glycoprotein gp120 of HIV
induces IL-12 in these cells (Fantuzzi et al. 1996). Besides stimulating of IFNy
production, IL-12 can prevent T-cell receptor (TCR)-induced and Fas-
induced apoptosis of CD4+ cells (Estauier et al. 1995).

The shift from Th1 to Th2 type cytokines is probably due to several factors:

* One of the mechanisms is the effect of gp120 from the coat of HIV.
In vitro experiments show that this glycoprotein inhibits the synthesis
of IFNY and the cytotoxicity of NK cells (Peruzzi et al. 2000). It also
inhibits the production of IFNa and IFNY in leukocytes induced with
the Sendai virus or with PMA (Nair et al. 1995).

¢ Italso has been shown that another HIV transmembrane glycoprotein
gp4l is a powerful modulator of cytokine secretion by peripheral
mononuclear cells. It increases the secretion of IL-10, which suppress-
es the synthesis of IFNy (Barcova et al. 1998).

* The product of the nef gene of HIV suppresses the synthesis of IFNy
and IL-2 without affecting the synthesis of IL-4, IL-8, IL-9, IL-13, and
TNFa (Collette et al. 1996).
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A conserved sequence of the HIV core protein p24 is probably of
importance. It has been shown that a peptide (Ch7) corresponding
to this sequence specifically hampers the immune response in-
duced by antigens in cultures of normal human lymphocytes (Luzzati
et al. 1996).

Stimulation of the TCR of the CD4+ Th1 lymphocytes leads to their
apoptotic death (Estauier et al. 1995).

In HIV+ patients the sensitivity of Thl cells to induced apoptosis is
increased (Ledru et al. 1998). According to this study, cells producing
IL-2 are most susceptible to induced apoptosis followed by the IFNy-
and TNFa-producing cells. This is due to the fact that the CD4+ T cells
of HIV patients express the Fas/Apol (CD95) cellular receptor and
they become very sensitive to apoptosis induced by antibodies bind-
ing to Fas (Estauier et al. 1995). At the same time, the CD4+ and CD8+
T cells of HIV patients are less sensitive to the antiapoptotic activity
of IL-7 and IL-2 (Vingerhoets et al. 1998).

It is believed that TNFa is a mediator of CD4+ T-lymphocyte loss
during HIV infection (Klein et al. 1996).

One important and interesting mechanism is the induction by HIV of
dimethyltransferase, which methylates and thus inactivates the pro-
moter of the IFNy gene (Mikovits et al. 1998).

Some data, which are not in complete agreement with the concept of a
Th1l to Th2 shift during HIV infection (Hagiwara et al. 1996b; Breen et al.
1997; Fakoya et al. 1997; Kundu and Mrigan 1997; Rockstroh et al. 1998;
Trumphfheller et al. 1998) could be explained by the complicated relation-
ships in the cytokine network, which depend on many factors:

First, the genetically based reactivity of the organism (Peterson et al.
1998) determines the initial reaction with an increased production of
IFNY as a defense mechanism against HIV infection.

The balance between Thl and Th2 functions depends on the nature
of the antigen and the primary interaction between the T cells and
the antigen-presenting cells (Peterson et al. 1998).

There are data that the level of glutathion in the antigen-presenting
cells determines a Th1 or a Th2 response (Peterson et al. 1998).

The profile of induced cytokines may also depend on the antigen/
antibody ratio. For example, the tetanus toxicoid antigen induces a
typical Thl response with high levels of IFNy and IL-2, but when it
is complexed with antibody in an equal amount or when the antibody
is in excess, the response is secretion of IL-6, IL-10; that is, a Th2
response without synthesis of IFNy and IL-2 (Berger et al. 1996).
After immortalization of CD4+ T cells with herpes virus saymiri
(HVS), IFNY stimulates, rather than inhibits, HIV replication (Saha et
al. 1997).
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10.1.6.2  Effect of different cytokines

The second group of data show the favorable effect of Thl cytokines on the
course of HIV infection:

¢ Treatment of monocytes with IFNy completely inhibits their infection
by HIV. Their invasiveness through the membrane matrix is also
inhibited because of the suppression of the synthesis of a metallopro-
teinase (MMP-9) which degrades the basal membrane and is strongly
expressed in HIV-infected monocytes (Dhawan et al. 1995a,b).

¢ The strongly hampered IL-12 production in HIV infection is stimulat-
ed by IFNy (Harrison and Levitz 1997; Trinchieri et al. 1997; Chougnet
et al. 1998). According to a study in children, IL-12 increases the HIV-1-
specific cytotoxic activity independent of IL-2 and IFNy (McFarland
et al. 1998). On the other hand, it was shown that IL-12 suppressed the
expression of the alpha chemokine repressor fusin (CXCR4), which is
an important factor for the entry of lymphotropic strains of HIV into
T lymphocytes. Fusin repression depends on the ability of IL-12 to
induce synthesis of IFNy (Galli et al. 1998). It has been found that
IFNy, as well as IFNa, suppress the expression of this chemokine
receptor (Shirazi and Pitha 1998). We should mention here that IFNy
increases the expression of some other chemokine receptors too
(CCR1, CCR3, and CCRS5). These receptors play a role in the migration
of immune cells toward the infection site, but at the same time it has
been found that they increase HIV-1 entry into monocyte-like U937
cells (Zella et al. 1998). Thus, the end effect will probably depend on
the balance between the suppression effect of fusin and the activation
of these receptors. The role of the chemotactic protein IP-10 induced
by IFNY for the penetration of HIV-infected cells into the cerebrospinal
fluid has been also pointed out (Kolb et al. 1999).

¢ Upon immunizaiton with HIV immunogens, the primary response is
associated with production of IFNYy (Lekutis et al. 1997; Evans et al.
1998). The beta-chemokines and Thl cytokines produced by blood
mononuclear cells are also increased (Moss et al. 1997). After a DNA
anti-HIV vaccine, the enhancing effect of manan-coated liposomes is
strongly inhibited by antibodies against IFNY. This shows the impor-
tant role of this cytokine for obtaining an HIV-specific immune re-
sponse (Toda et al. 1997). This is why liposomes containing IFNy are
recommended as adjuvants for anti-HIV vaccines (Lachman et al.
1995). In macaque monkeys, vaccination with a viral vector expressing
HIV antigens and IFNY increased the cytotoxicity against viral anti-
gens due to the coexpression of IFNY (Kent et al. 2000). In a different
study it was found that, following HIV vaccination, the primary re-
sponse is dominated by IFNY, and after a few cycles of reimmuniza-
tion, IL-4 also is increased, which is related to the production of
antibodies (Evans et al. 1998).
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¢ Treatment with IFNy of human monocytes infected with HIV increases
their ability to produce superoxide anions (Howel et al. 1997) — a
function necessary for killing pathogens, which is hampered by HIV
infection.

¢ Treatment of macrophages with IFNy or with antibodies against IL-10
normalizes B7 molecule expression by macrophages, which are essen-
tial for the T-cell activation and whose expression is decreased in HIV
infection (Orlikowsky et al. 1996).

¢ Treatment with IFNY counteracts the negative effect of the Ch7 peptide,
which inhibits the immune response (Luzzati et al. 1996).

¢ The antiviral drug AZT prevents the decreased expression of IFNy
and IL-2 caused by HIV (Fan et al. 1997). Also, a highly active anti-
retroviral therapy recovers the normal Th1/Th2 profile (Imami et al.
1999). Contrary to these data, in a different study it was found that
this type of therapy did not change the cellular profile, at least during
1 year. The disturbed Th1/Th2 balance was more due to Th2 over-
expression than to Thl deficiency (Martinon et al. 1999).

¢ The peptide-nucleoide drug reticulose stimulates IFNy synthesis and
suppresses HIV replication (Hirschman and Chen 1996).

* In vitro treatment with IFNY of blood mononuclear cells from asymp-
tomatic HIV patients recovers the immune response of these cells
(De Francesco et al. 1996).

® The introduction of HIV-induced interferon genes (o, B, or y) into
human target cells by using recombinant DNA approaches made the
cells highly resistant to HIV infection (Leissner et al. 1998).

Analysis of all these data shows that the suppressed synthesis of Thl
cytokines is characteristic of HIV infection. The decreased production of IFNy
is a risk factor for AIDS development. This cytokine is a factor which pro-
longs the latent asymptomatic period and can be used for prolongaiton of
this period and to fight opportunistic infections (Murray et al. 1985; Aboulafia
and Mitsuyasu 1992; Thoma-Greber et al. 1993), and it can be used as an
adjuvant in anti-HIV vaccines. The conduction of clinical trials with Thl
cytokines in this direction appears to be necessary and fully justified (Paganin
et al. 1995; Mathe et al. 1996; Murray 1996a; De Paoli et al. 1997; Valdez and
Lederman 1997; McFarland et al. 1998; Twigg et al. 1999).

10.1.7 Hepatitis

Approximately 5% of the world’s population is infected by the hepatitis B
virus which causes necrotic inflammation with varying severity and dura-
tion. Patients with chronic inflammation run the risk of developing liver
cirrosis and hepatocellular cancer. The humoral immunity against antigens
of the viral coat contributes to the elimination of circulating viral particles,
whereas cellular imminuty eliminates the infected cells (for a review, see
Chisari and Ferrari 1995).
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We have found few data dealing with hepatitis B and IFNY, especially
data on its clinical use. This is due in part to data on the inhibitory effect of
IFNo. on the replication of all three hepatitis viruses — A, B, and C, as
opposed to IFNYy, which was found to be ineffective, and this was not due
to the decreased number of its receptors (Caselmann et al. 1992; Lau et al.
1992). Application of a combination of IFNo and IFNy did not improve
results obtained by the use of IFNa alone (Carreno et al. 1993). Regardless
of the considerable advantage of IFNa, for the sake of completeness, some
data on IFNy also will be presented.

Normal hepatocytes do not express MHC class I molecules, but they
start to express them when infected by the hepatitis B virus (Montano et al.
1982; Pignatelli et al. 1986). IFNy stimulates the expression of these antigens
by liver cell lines more strongly than IFNa and TNFo (Skoskiewicz et al.
1985; Yoshioka et al. 1989).

In spontaneous recovery from hepatitis B infection, most T cells isolated
during the acute phase of infection express Thl profile cytokines dominated
by production of IFNy. This shows the role of this cytokine in controlling
the infection and the recovery. Several years after recovery a large part of
the cells were shown to produce ThO profile (IFNY, IL-4, and IL-5) cytokines
(Penna et al 1997).

The replication of the duck hepatitis B virus is suppressed by IFNy
(Lavine and Ganem 1993).

In an adoptive transgenic mouse model of hepatitis B viral infection it
was shown that introduction of cytotoxic T cells specific for this virus can
suppress viral gene expression and replication in the liver without killing
the hepatocytes. This effect is achieved through IFNy and TNFa, which are
secreted by cytotoxic T lymphocytes after antigen recognition (Guidotti and
Chisari 1996).

Factors increasing the synthesis of IFNYy in whole peripheral blood are
found in patients with acute hepatitis B (Osna et al. 1996). We should mention
that 11 patients with chronic hepatitis B treated with IFNy for a period of
6 months developed autoantibodies against different cellular components
but did not show symptoms of autoimmune disease (Weber et al. 1994).

The same holds true for hepatitis C. In acute and chronic hepatitis C liver
biopsies have shown increased production of IFNY. The investigators conclude
that IFNYy plays an important role in the cytokine network of the liver (Morshed
et al. 1993). Others also mention the potential therapeutic role of IFNy (Weber
and Wright 1992), but currently there are no convincing data for its usefulness
in hepatitis C. Clinical trials comparing IFNc to IFNY led to the conclusion
that IFNY is not as effective as IFNo. (Saez-Royuela et al. 1990).

However, short-term treatment with a combination of natural IFNf and
rIFNy in chronic hepatitis B was well tolerated and as effective as long-term
treatment with IFNo (Musch et al. 1998). Data were also obtained that the
induction of Thl cytokines by IL-12 plays a major role in eliminating the
virus in chronic hepatitis B (Rossol et al. 1997).
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The data are too scarce to determine the usefulness of IFNy in hepatitis,
especially when the effective treatment with IFNo. is taken into consideration.

10.2  Nonwiral intracellular pathogens
10.2.1 Bacterial infections

IFENY has considerable antibacterial activity (Murray 1990, 1994; Degre
1996) associated with the induction of toxic nitrogen and oxygen deriva-
tives (see p. 33). In laboratory experiments and in clinical practice the
following more important bacterial species have shown sensitivity to IFNy:
Listeria monocytogenes (Kiderlen et al. 1984; Buchmeier and Schreiber 1985;
Kurtz et al. 1989; Gregory and Wing 1993; Melissen et al. 1993; Metcalf and
Campbell 1994); Brucella spp. (Stevens 1992; Jiang and Baldwin 1993; Zhan
and Cheers 1993); Salmonella spp. (Kagaya et al. 1989; Matsumura et al.
1990); Mycobacterium spp. (see Sections 10.2.1.1.1 and 10.2.1.1.2); Legionella
pneumophila (Blanchard et al. 1988; Horwitz 1992; Summersgill et al. 1992;
Watanabe et al. 1993); Chlamydia spp. (see Section 10.2.1.2); Yersinia spp.
(Nakajima and Brubaker 1993; Autenrieth et al. 1994; Bohn et al. 1994); and
streptococci (Weigent et al. 1986). It should be mentioned that IFNy did
not show antibacterial activity against Helicobacter pylori, and it increased
the inflammation of the stomach mucosa caused by it (Sawai et al. 1999;
Smyth et al. 2000).

Only a few more important bacterial infections will be discussed here.

10.2.1.1 Mycobacteria

Many experimental and some clinical data show that all members of the
mycobacteria species such as M. tuberculosis, M. leprae (see below), and also
some nontuberculosis mycobacteria are sensitive to IFNY (e.g., see Holland
et al. 1994; Levin et al. 1995).

10.2.1.1.1  Tuberculosis. We shall present data mostly on M. tuberculosis,
which is one of the most dangerous intracellular pathogens in humans.
Tuberculosis was a major health problem in developing countries, but lately
its presence also has been observed in industrialized countries. A few years
ago the World Health Organization (WHO) estimated that worldwide
approximately 1.7 billion people were infected with M. tuberculosis (Kochi
1991), and this number is constantly increasing. Now it has been reported
that one third of the world’s population is infected with M. tuberculosis
(Scanga et al. 2000), but the symptoms of the disease are limited by the
activity of the immune system. Tuberculosis takes one of the highest places
in morbidity and mortality rates. The appearance and increasing number of
multi-drug-resistant (MDR) strains are of special concern.
Many experimental data show that IFNy plays a central and unique role
in defending the organism against mycobacterial infections (Wallis et al.
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1992; Flynn et al. 1993; Murray 1994; Bermudez and Kaplan 1995; Bonecini-
Almeida et al. 1998). This cytokine is induced by mycobacterial antigens and
it activates effector cells — macrophages, lymphocytes, neutrophils — to kill
bacteria at the sites of infection (see, e.g., Robinson et al. 1994; Hernandes-
Pando et al. 1996). Cells that participate actively and produce IFNY include
CD4+ cells as well as one subpopulation of CD8+ cells (Lalvani et al. 1998;
Tascon et al. 1998; Feng et al. 1999).

It is believed that this occurs through NO production (Anthony et al.
1994; Green et al. 1994; Hanano and Kaufmann 1995; Munk and Emoto 1995)
and reactive oxygen radicals. Some cases of resistance to NO have been
observed (Doi et al. 1993). However, the data concerning the role of reactive
oxygen and nitrogen intermediate derivatives are contradictory. In experi-
ments with mice it was found that in peritoneal macrophages IFNy activated
the synthesis of such derivatives and suppressed the growth of mycobacteria
during the first days of infection. Later a progressive elimination of bacteria
has been observed (Sato et al. 1998). Experiments were carried out with two
types of knockout mice — one type was unable to produce reactive oxygen
species due to nonfunctional alleles of the gp92phox subunit of cytochrome
b, and the other did not produce NO due to the absence of an inducible NO
synthase. It was found that alveolar and peritoneal macrophages that did
not produce oxygen radicals but produced NO inhibited the growth of
M. tuberculosis after stimulation with IFNy. Knockout mice producing oxygen
radicals but not NO could not suppress the bacteria in the spleen, but they
were able to limit bacterial growth in the lung (Adams et al. 1997).

Contrary to these data, in mice with defective production of NO stimu-
lation of the macrophages with IFNy suppressed the growth of M. avium. It
was concluded that NO did not play a role in the defense against these
bacteria (Gomes et al. 1999). However, in a different experiment stimulation
of NO production by IFNy was necessary for growth inhibition of M. bovis
by mouse macrophages, since the effect was abolished when NO synthase
was inhibited. Human alveolar macrophages responded differently by show-
ing a mycobacteriostatic activity independent of NO (Aston et al. 1998). From
these contradictory data, it could be assumed that the role of NO is different
depending on a number of factors, such as the animal species, the bacterial
species, the localization of the macrophages, and so on.

Regardless of the conflicting results on the role of NO, all data support
the opinion that active tuberculosis leads to a Thl-type immune response
(Lai et al. 1997):

¢ In MDR tuberculosis the T-cell response is hampered when the num-
ber of CD4+ T cells is decreased (McDyer et al. 1997; Johnson et al.
1998).

* The effector cells start to produce IFNY at the site of infection as a
defense reaction. In 1988 it was found that pleural effusions caused by
M. tuberculosis contain higher concentrations of IFNYy. This was con-
firmed many times by finding that no other nontuberculous effusions
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led to increased concentration of this cytokine (Ribera et al. 1988, 1990;
Shimokata et al. 1991; Barnes et al. 1993; Yanagawa 1997). This finding
together with an increased adenosine deaminase is used for early
diagnosis of tuberculous pleuritis (Valdes et al. 1993; Soderblom et al.
1996; Wongtim et al. 1999) and for differentiation of tuberculous
exudate from other types of effusions (Soliman et al. 1994; Sathar et al.
1995). High concentrations of IFNy were also found in cerebrospinal
fluid in tuberculous meningitis (Donald et al. 1995).

* We should point out the different behavior of macrophages at the
site of infection and of the mononuclear cells in peripheral blood.
Compared to healthy individuals reacting to tuberculin, the periph-
eral mononuclear cells of tuberculosis patients show decreased pro-
duction of Thl cytokines (IFNy and IL-2) after stimulation with the
mycobacterium (Gergert et al. 1995; Zhang et al. 1995; Swaminathan
et al. 1999), but after effective therapy IFNYy production is increased
(Gergert et al. 1995).

¢ The same holds true for the bronchoalveolar T lymphocytes which in
lung tuberculosis are activated to produce Thl cytokines (Robinson
et al. 1994). They react to purified protein derivative of M. bovis (PPD)
in tuberculous exudates and produce much more IFNy and IL-2 than
peripheral lymphocytes (Shimokata 1996).

¢ Treatment with IFNYyincreases the percentage of alveolar macrophages
which phagocyte and kill mycobacteria in patients with lung tubercu-
losis (Shimokata 1996).

¢ Normal granulocytes rapidly engulf opsonized mycobacteria. However,
they do not kill them effectively. The intracellular killing of bacteria
is considerably stimulated if the granulocytes are previously incubated
with IFNy (Wadee 1990).

* The inhibiting effect of a 25-kDa fraction of M. tuberculosis on the
bactericidal activity is blocked by IFNy (Wadee 1990).

¢ Patients with active tuberculosis and low IFNy production recover the
ability to produce IFNYy several weeks after chemotherapy (Carlucci
et al. 1993).

* Low IFNY production is observed in patients with poor health and
advanced tuberculosis (Huygen et al. 1988). Thus, in less severe forms
of tuberculosis they have increased production of IFNy as compared
to IL-4; in moderately severe forms a mixed ThO profile is exhibited
(production of both IFNy and IL-4), and in advanced forms the pro-
duction of IL-4 and tumor growth factor B (TGFp) is increased, as
synthesis of IFNy becomes hardly detectable; that is, a transition
toward a Th2 profile occurs (Dlugovitzky et al. 1999). Mixed ThO type
cytokines also are observed in advanced tuberculosis with a heavy
bacterial load (Somoskovi et al. 1999; Wilsher et al. 1999). A Th2-type
response (with increased production of IL-10 and decreased IFNY) also
accompanies infection in anergic patients (Boussiotis et al. 2000). Long-
term suppression of IFNY production and increased production of IL-10
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and TGEFp are also observed in HIV-infected tuberculous patients
(Hirsch et al. 1999a). The negative role of IL-10 is demonstrated by the
fact that IL-107/- mice have increased resistance to mycobacteria and
their macrophages produce more IFNy and NO (Murray and Young
1999). The Th2-type response with increased production of IL-4 is
related to tissue necrosis and cavitation (van Crevel et al. 2000).

¢ The reactivation of latent tuberculosis is associated with the transition
from the Th1 to the Th2-type cytokines (Howard and Zwilling 1999).

* The early phase of acquiring immunity against M. tuberculosis is re-
lated to the appearance of protective CD4+ lymphocytes secreting
IFNY as a result of IL-12 induced by the mycobacteria. Due to treat-
ment with this cytokine, resistance to bacterial infection increases
(Cooper et al. 1995; Saunders et al. 1995). However, there are data that
IL-12 is not the first cytokine induced by M. bovis BCG (bacille
Calmette-Guérin) vaccine. Although IL-12 production is stimulated
in this infection, experiments in mice with defective IFNy and TNFo
receptors show that IL-12 secretion is dependent on these two cyto-
kines (Flesch et al. 1995; Kaufmann et al. 1995). On the other hand,
however, IL-12 is of considerable importance for IFNy induction and
the control of the mycobacterial infection. Individuals with defective
IL-12 receptors do not produce IFNY and therefore suffer from severe
mycobacterial infections (Altare et al. 1998; de Jong et al. 1998).

* Organisms with an inactivated IFNYy gene or the gene of its receptor
(knockout mice) (Cooper et al. 1993; Dalton et al. 1993; Flynn et al.
1993; Kamijo et al. 1993, 1994) or people with mutations inactivating
the corresponding gene (Jouanguy et al. 1996; Newport et al. 1996)
cannot survive mycobacterial infections. It appears that IFNy cannot
be replaced by any other cytokine.

* During infection of mice with M. avium, a correlation was found
between resistance and IFNYy expression (Appleberg 1994).

* Mice expressing BCG-resistant alleles respond with a higher secretion
of IFNYy as compared to mice with BCG-sensitive alleles (Agrewala
and Mishra 1995).

* BCG vaccination leads to a Thl-type response (Hoft et al. 1999).

Finally, we have to mention data showing mechanisms which suppress
cellular immunity during infection with M. tuberculosis:

* Active infection can cause increased Fas expression and decreased
expression of the antiapoptotic gene Bcl-2 in CD4+ T cells. Thus, when
stimulated in vitro, the latter undergo increased apoptosis and de-
creased production of IL-2 and IFNYy but not of IL-4 (Das et al. 1999;
Hirsch et al. 1999b).

e Virulent M. tuberculosis inhibit the activation of macrophages by IFNy.
This is due to interruption of the signaling metabolic pathway leading
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to gene activation by IFNY through the interaction of STAT-1 with the
transctiptional apparatus (Ting et al. 1999).

* During the course of infection with M. tuberculosis antibodies against
IFNyare induced, especially at the site of infection (Madariaga et al. 1999).

Considering the role of Th1 cytokines in controlling mycobacterial infec-
tions (Bermudez and Kaplan 1995; Murray 1996a), clinical trials started
recently. They show the favorable effect of IFNY on atypical mycobacterial
infections and in cases with MDR strains. A patient with acute lymphocytic
leukemia and MDR tuberculosis of the brain and of the spinal cord was
treated with IFNY for 12 months, which led to the complete elimination of
the damage caused by the tuberculosis (Raad et al. 1996). The state of seven
patients with refractory disseminated nontuberculous mycobacterial infec-
tion treated subcutaneously with IFNy was considerably improved with
elimination of the fever and clearing of the damage caused by the disease
(Holland et al. 1994). Five patients with MDR tuberculosis were successfully
treated with an aerosolic form of IFNy (Condos et al. 1997).

10.2.1.1.2  Leprosy. M. leprae also is sensitive to IFNy (Kaplan et al.
1986; Krahenbubhl et al. 1990), and there are clinical data on its effect in patients
with different forms of leprosy (see Nathan 1992 and references therein).

10.2.1.2  Chlamydia
(For references, see Czarniecki et al. 1986; Rothermel et al. 1986; De la Maza
1987b; Byrne and Schachter 1992.)

The prokaryotic genus Chlamydia is represented by three obligate intra-
cellular pathogens: C. psittaci, C. pneumoniae, and C. trachomatis.

The different biovars of C. psittaci affect different species of vertebrates
with different clinical symptoms. People are usually infected by birds. In
psittacosis different systems are affected, and it is most often manifested in
the form of pneumonia. C. pneumoniae is widespread all over the world and
causes atypical pneumonia.

Two biovars have been described for C. trachomatis. One of them is
sexually transmitted, and affects the lymphatic system causing lympho-
granuloma venereum. The other biovar affects the eyes and the urogenital
system. When the eyes are affected, it causes chronic conjunctivitis known
as trachoma, which is the number one cause of preventable blindness in the
world. When the male urogenital system is affected, the result is urethral
epididymitis. In women it leads to inflammatory processes that can have
serious consequences such as infertility and ectopic pregnancy. It is reported
that more than 4 million chlamydial infections of the genital tract occur in
the United States each year. According to WHO, more than 600 million
people live in trachoma-endemic areas. The sexually transmitted chlamydial
infections are extremely common in developing as well as in industrialized
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countries. In many parts of the world antibodies to C. pneumoniae are found
in more than 35% of the adult population. It is believed that more than
1 billion people are affected by diseases caused by Chlamydia (Byrne and
Schachter 1992). These data show the enormous importance of antichlamy-
dial drugs for infections which are now treated long-term with antibiotics.

In the case of trachoma, the cellular immunity in response to chlamydial
antigens is decreased. Increased Th2 activity facilitates the development of
persistent eye infections leading to blindness. Evidence in the literature shows
that during infection with Chlamydia, the organism produces interferons. In
cell cultures all three types of interferon were found to inhibit the replication
of Chlamydia, with the effect of IFNYy being most pronounced. The replication
of C. trachomatis in primary cultures of human conjunctival epithelial cells is
suppressed by IFNYy due to induction of IDO leading to tryptophan degrada-
tion (Rapoza et al. 1991). However, there are data showing that this effect
neither depends on tryptophan (De la Maza et al. 1985), nor on oxygen
(Rothermel et al. 1986).

After genital infection of mice with C. trachomatis, it has been shown that
the clearance of Chlamydia depends mostly on IL-12 without the participation
of IFNYy. However, protection from disseminated disease requires IFNy (Perry
et al. 1997).

A study showing the effect of IFNy concentration on the growth of
C. trachomatis should be considered. At 2 ng/ml, this cytokine completely
suppressed the growth of Chlamydia. Lower concentrations, however
(0.2 ng/ml), resulted in persistent infection, characterized by development
of noninfectious atypical forms, from which infectious Chlamydia could
develop, when IFNYwas removed (Beatty et al. 1993). The prophylactic effect
of IFNYy against chlamydial infections has been shown in animal experiments,
but a healing effect has not been found. In mice protective vaccination against
Chlamydia is related to increased levels of IFNy (Dong-Ji et al. 2000).

Increased stimulation of Th2 cytokines contributes to the development
of a persistent chlamydial eye infection, leading to cicatrization and blindness.
Peripheral blood mononuclear cells isolated from patients with cicatrization
react to Chlamydia antigens with an increased number of IL-4-synthesizing
cells, whereas in control individuals the reaction is an increased IFNy level
(Holland et al. 1996). In agreement with this are data that IL-10 knockout
mice develop a stronger defense reaction against C. trachomatis — an increased
production of IFNy and increased delayed-type hypersensitivity (Yang et al.
1999). In contrast, IFNy knockout mice show increased production of Th2
cytokines and are unable to suppress this infection, although, surprisingly,
they still develop a delayed-type hypersensitivity (Wang et al. 1999).

10.2.2 Protozoa

The following species of protozoa are sensitive to IFNYy: Leishmania spp. (see
Section 10.2.2.1), Trypanozoma cruzi (Wirth et al. 1985; Reed and da Silva 1992;
Silva et al. 1992), Toxoplasma gondii (Sethi et al. 1985; Suzuki et al. 1988;
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Mellors et al. 1989; Subauste and Remington 1992), the malarial plasmodium
in rodents (Plasmodium berghii, P. chabaudi) (Ferreira et al. 1986; Schofield et al.
1987; Vergara et al. 1987; Mellouk et al. 1991; Taylor-Robinson and Phillips
1998; Mohan et al. 1999; Yoneto et al. 1999) and in humans (P. falciparum and
P. malariae) (Maheshwari 1990; Schofield 1992; Fell et al. 1994; Mellouk et al.
1994; Luty et al. 1999; Moore et al. 1999), and Eimeria tenella (Kogut and
Lange 1989a,b).

10.2.2.1 Leishmaniasis

This disease is caused by different species and subspecies of the intracellular
pathogen Leishmania. On a global scale, about 12 million people suffer from some
form of this disease. The most severe forms of leishmaniasis are found in East
Africa, Latin America, and India. The disease is also found in North America,
eastern and southern Europe, and Asia. The visceral forms of the disease are
fatal if not treated. The therapy of choice includes pentavalent antimonial drugs,
but it is not successful in 25% of the cases. Amphoteracin B and pentamidine
are alternative therapies, but they are associated with high toxicity.

Data in the literature and our experimental data show the killing effect
of IFNY on leishmanial protozoa. Several international clinical trials have
shown the healing effect of the combination of IFNy and pentavalent anti-
monial drugs (Kramer 1992; Badaro et al. 1990; Badaro and Johnson 1993;
Harms et al. 1993; Squires et al. 1993). Liposomes were used to encapsulate
these two components (Everlien and Hockertz 1999).

10.3 Fungi

Activated macrophages play the main role in the fungistatic and fungicidal
activity of the organism (Perfect et al. 1987).

We shall not discuss the specific diseases caused by fungi, and shall only
mention that the following intracellular and extracellular fungi are sensitive
to IFNY: Histoplasma capsulatum (Brummer et al. 1988; Stevens 1992); Crypto-
coccus neoformans (Perfect et al. 1987); Candida spp. (Stevens 1992); Coccidoides
immitis (Beaman 1987); Paracoccidoides brasiliensis (Brummer et al. 1988;
Stevens 1992); Blastomyces dermatitidis (Brummer et al. 1988; Morrison et al.
1989; Stevens 1992).

10.4 Nonwviral extracellular pathogens

The following protozoa and helminths are sensitive to IFNYy: Entamoeba
histolytica (Denis and Chadee 1989; Ghadirian and Salimi 1993) and Schisostoma
mansoni (Pancre et al. 1990, 1994).
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chapter eleven

Noninfectious
nonmalignant diseases

11.1  Fibroproliferative diseases

Fibroprolifeartive diseases are due to activated fibroblast proliferation and
overproduction mainly of collagen leading to fibrosis. The basis of their
pathogenesis is disturbances in the cytokine network. Some cytokines such
as interleukin-4 (IL-4), tumor growth factor B (TGFp), IL-1b stimulate collagen
synthesis (Kahari et al. 1990; Kikuchi et al. 1995; Tiggelman et al. 1995;
Sempowski et al. 1996). Interferon gamma (IFNY) exerts an exactly opposite
effect — a strong inhibition of collagen synthesis by fibroblasts (Duncan and
Berman 1987; Melin et al. 1989; Elias et al. 1990; Granstein et al. 1990; Kahari
et al. 1990; Gillery et al. 1992; Narayanan et al. 1992; Serpier et al. 1992;
Nguyen et al. 1994; Bird and Tyler 1995; Harrop et al. 1995; Sempowski et al.
1996; Chizzolini et al. 1998; Jaffe et al. 1999; Yokozeki et al. 1999; Yuan et al.
1999; Yamabe et al. 2000), by synovial cells (Daireaux et al. 1990), by
myofibroblasts (Granstein et al. 1990), by chondrocytes (Reginato et al. 1993;
Goldring et al. 1994), and by osteoblasts (Smith et al. 1987; Hirose et al. 1989).
An important enzyme which catalyzes one of the steps in the synthesis of
procollagen and its production is propyl-4-hydroxylase, which is consider-
ably increased in fibroblasts of systemic sclerosis (SSc) patients. IFNY exerts
a strong suppressing effect on this enzyme (Kawaguchi et al. 1992).

The combination of IFNY and tumor necrosis factor oo (TNFa) exerts a
synergistic inhibitory effect on the synthesis of collagen (Scharffetter et al.
1989; Kahari et al. 1990). This effect occurs after pretreatment with IFNy
(Nanes et al. 1989). According to some investigators, IFNY suppresses this
synthesis at the level of transcription (Granstein et al. 1990), but according
to others, its effect on transcription is minimal, as opposed to TNFo, which
suppresses the promoter of the collagen gene (Kahari et al. 1990).

Dexamethasone suppresses the inhibitory effect of IFNy (Bird and Tyler
1995), but it is interesting that this dexamethasone effect is expressed in
dermal fibroblasts but not in colon fibroblasts (Martens et al. 1992). IFNy also
inhibits the synthesis of actin by myofibroblasts (Pittet et al. 1994).
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There are data that the inhibition of collagen synthesis by IFNy does not
depend of tryptophan degradation (Yufit et al. 1995), but it is associated with
nitric oxide (NO) induction (Trachtman et al. 1995; Owens et al. 1996).

A number of data show the potential role of IFNy in the suppression of
collagen overproduction, causing fibrosis of some tissues or in the whole
organism. We shall discuss data concerning the skin, liver, and lung. There
are also data on the inhibition of experimental fibrosis in rat kidney (Oldroyd
et al. 1999).

11.1.1 Fibrosis of different tissues and organs

11.1.1.1 Keloids

During wound healing, keloids develop as a result of abnormal overproduc-
tion of collagen, forming thick collagen bundles with different orientations,
unlike the thin collagen fibrils oriented correctly in normal wound healing.

Keloid fibroblasts respond to platelet-derived growth factor (PDGF) and
TGFpB with increased synthesis of collagen in the same manner as normal
fibroblasts, but they show considerably higher stimulation of collagen syn-
thesis by epidermal growth factor (EGF), and by histamine (Kikuchi et al.
1995). Due to these data, it is believed that these two factors — EGF and
histamine — are involved in the pathogenesis of this process. Patients who
develop keloids have a strongly decreased synthesis of IFNy, TNFj, and IFNo,
and they produce more IL-6, TNFo, IFNB (McCauley et al. 1992) and TGFp
(Tredget et al. 2000); that is, they show a cytokine shift toward a Th2 profile.
They also exhibit an increased collagen metabolism (Berman and Flores 1998).

In preliminary experiments it was shown that injection of IFNy decreases
the size of keloids and improved the Dupuytren contractions (Pittet et al.
1994; Broker et al. 1996). IFNY was also used for prevention of reccurrences
after surgical removal of keloids (Broker et al. 1996; Berman and Flores 1998).

It was also used in fibrocontractive disorders of the skin (Leslie 1994).
IFNYy has an additive antifibrosis effect with IFNa (Tredget et al. 2000).

It was proposed to use IFNY after glaucoma filtering surgery to prevent
the formation of a fibrous scar by proliferation of activated fibroblasts in the
damaged Tenon’s capsule (Latina et al. 1991; Nguyen et al. 1994). This favor-
able effect was also shown in experiments with rabbits (Lee et al. 1991; Leslie
1991). IFNy also showed a suppressing effect on collagen synthesis during
keloid development (see Berman and Duncan 1989).

11.1.1.2  Fibrosis of the lung

Fibrosis of the lung is the result of some lung and systemic diseases, but in
many cases the cause remains unidentified — idiopathic pulmonary fibrosis
(IPF). It has been reported that in Great Britain and in the United States the
mortality from this disease is constantly increasing (Coker and Laurent 1998).
The number of people affected by IPF in the USA and Canada is believed
to be approximately 50,000 each year, and the potential market for its treat-
ment is estimated as $2.5 billion (Biotechnology Report 2000).
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Contrary to some reports that IFNYy increases the proliferation of human
lung fibroblasts (Hunninghake et al. 1986), the possibility that it plays a
pathogenic role in lung fibrosis is definitely disproved by a number of facts.

It was found that IL-6 inhibited collagen degradation in lung fibrosis,
whereas IFNY suppressed its synthesis (Bienkowski and Gotkin 1995). In cases
of cryptogenic fibrotic alveolitis and progressing lung fibrosis, very few
patients have an increased serum level of IFNy. The conclusion was drawn
that the disturbed production of IFNY is a potentiating factor for a number
of diseases leading to lung fibrosis (Pryor and Haslam 1992). In this fibrosis
an inverse correlation was found between the level of procollagen Il and the
level of IFNY. This confirmed the inhibitory effect of this cytokine on the
development of lung fibrosis (Kuroki et al. 1995). In the lung interstitium of
patients with cryptogenic fibrotic alveolitis and generally in lung fibrosis a
domination of T helper 2 (Th2)-type cytokines (IL-4, IL-5) was found (Wallace
et al. 1995; Sempowski et al. 1996), especially IL-4 expression by type II
alveolar epithelial cells (Wallace and Howie 1999). There are data that the
CD8+ T cells also participate in type II cytokine secretion (Atamas et al. 1999).

It is believed that in the development of fibrosis a critical role is played
by the cytokines released by circulating cells and by local lung cells in
response to epithelial and endothelial damage. Such fibrotic cytokines include
TGFp, TNFo, and endothelin - 1 (Coker and Laurent 1998), whereas IFNy has
an antifibrotic role. This role is associated on the one hand with the suppres-
sion of collagen synthesis and of the suppressed expression of type II fibrotic
cytokines, and on the other hand with the suppression of angiogenesis, which
is of importance for blood vessel remodeling. This is accomplished by the
angiostatic CXC chemokine IP-10 induced by IFNy (Keane et al. 1999). The
balance between the angiogenic cytokine IL-8 and the angiostatic IP-10 plays
an important role in IPF (Keane et al. 1997).

In a model of bleomycin-induced lung fibrosis in mice and rats, daily
treatment with IFNy led to decreased expression of TGFf and reduced col-
lagen content (Giri et al. 1986; Okada et al. 1993; Gurujeyalakshmi and Giri
1995). In a mouse model of silicosis the response was an increased IFNy level
and a decreased level of IL-4 (Davis et al. 1999).

Very few patients with cryptogenic fibrotic alveolitis and fibrotic alveo-
litis associated with SSc have increased IFNy in the serum. Those with the
highest IFNY level respond to corticosteroids. This gave us reason to believe
that the disturbed synthesis of this cytokine is a potentiating factor in the
pathogenesis of fibrotic diseases of the lung.

All these data support as rational the use of IFNy in lung fibrosis. A
12-month treatment of IPF patients with IFNy-1b plus prednisolone resulted
in a significant improvement (Ziesche et al. 1999; see also Du Bois 1999; Britton
2000; King 2000). However, the problem with the hematoalveolar barrier for
this cytokine should be considered (see Chapter 8). Such a barrier may not
even exist for the interstitial lung tissue, a problem that needs elucidation.

Phase II clinical trials with IFNy (Actimmune) as a treatment for IPF are
being conducted in the United States (Biotechnology Reports 2000).
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11.1.1.3  Fibrosis of the liver

IFNYy suppresses the activity of the hepatic stellate cells, which are the main
producers of the extracellular matrix of this organ. Liver damage activates
the stellate cells and also the liver lipocytes which are transformed into
myofibroblast-like cells and begin to express smooth muscle a-actin. Thus,
the amount of extracellular matrix is increased. On the other hand, IFNy
inhibits collagen synthesis, whereas it is stimulated by IL-1b, IL-4, and TGFj
(Wu and Danielson 1994; Tiggelman et al. 1995).

In a rat model of liver fibrosis induced with dimethylnitrosamine, IFNy
suppressed the accumulation of collagen, laminin, and fibronectin (Baroni
et al. 1996). In liver fibrosis induced with tetrachloromethane IFNY also
suppressed the activation of lipocytes and the development of fibrosis
(Rockey and Chung 1994).

Based on these data, IFNY is believed to be a potential therapeutic agent
for progressing liver fibrosis (Mezey 1991; Wu and Danielson 1994).

11.1.1.4  Systemic sclerosis and scleroderma
SSc is an acquired disease associated with overproduction of collagen, which
leads to fibrosis of the skin and the visceral organs. It is characterized by injury
of the capillary endothelium, perivascular inflammatory reaction, and over-
accumulation of collagen at the damaged sites. Scleroderma fibroblasts synthe-
size more intracellular adhesion molecule I (ICAM-I) (Xu et al. 1995) and
release more soluble intercellular adhesion molecule I (SICAM-I). Stimulation
with phytohemaglutinin reveals inhibition of IFNy synthesis. Scleroderma
fibroblasts show an increased collagen, fibronectin, and laminin adhesion,
which is suppressed by IFNy (Majewski et al. 1992). The serum of SSc patients
exerts an increased mitogenic activity on skin fibroblasts (Bryckaert et al. 1994).

A number of experimental data show that IFNy suppresses the synthesis
of collagen stimulated by IL-4 in normal as well as in scleroderma fibroblasts
(see references in Chapter 3, Section 3.4). This can be explained by the fact
that IFNy suppresses the expression of the IL-4 receptor (Byron et al. 1991).
Scleroderma fibroblasts were found to be especially sensitive to the inhibition
of collagen synthesis by IFNYy (Serpier et al. 1992). It also has been observed
that IFNY increases fibrinolysis in SSc (Gluszko et al. 1998).

Literature data on clinical trials (Kahan et al. 1989; Torres and Furst 1990;
Pope 1993; Vlachoyiannopoulos et al. 1996) show the possibility of treating
this fatal disease by parenteral administration of IFNY. The treatment is long-
term with 50 to 60 pg/m? (even up to 150 pug/m?) administered subcutane-
ously three times a week for 6 months. Considerable improvement was also
obtained in lung sclerosis. Side effects and unfavorable results were observed
with higher doses, which is not surprising considering that IFNy has a
favorable effect at optimal concentrations.

In progressing scleroderma improvement was observed after subcuta-
neous injection of 30 to 150 pg/m? IFNY (Fierlbeck and Rassner 1988;
Vlachoyiannopoulos et al. 1996). Improvement after treatment with IFNy
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Table 11.1 Effect of Virogel G5 on scleroderma

Skin fold
Duration of (mm)
Patient Age Diagnosis treatment Before  After Subjective feeling
1 30  SSc 2nd 2 months 0 3 Considerable
stage (twice daily) softening
2 18  SSc2nd 2 months 0 2-1 Softening
stage (once a day)
3 56  SSc 2nd 1 month 0 1 Softening
stage (twice daily)
4 50  SSc 2nd 1 month 0 3 Slight softening
stage (once a day)
5 61  Morphea 2 months 6/25 15/1 Considerable
(2 plaques) (twice daily) (cm) softening

was observed in 8 of 20 patients with diffuse systemic scleroderma (Bletry
et al. 1993). It is interesting to mention the skin fibrosis induced by ionizing
radiation observed in survivors of the Chernobyl nuclear plant disaster,
which was influenced favorably by IFNy (Peter et al. 1999).

Favorable results were obtained after topical treatment of the dermal
form of systemic sclerosis with IFNy in the form of a gel (Virogel G5) in the
Clinic of Rheumatology (Sofia, Bulgaria). The hard skin areas were treated
every day during two months. As a result, the normal softness and elasticity
of the skin were recovered (Arnaudova et al. 1993). The results are summa-
rized in Table 11.1.

11.2  Atherosclerosis

There is no doubt about the close relationship between the pathological
changes that occur in atherosclerosis and the immune system (Hansson
1994). Inflammatory changes in the vascular endothelium lead to increased
leukocyte adhesion, increased proliferation of smooth muscle cells (SMC),
cholesterol deposition in atherosclerotic plaques, and development of fibro-
sis. The mononuclear cells that interact with the endothelium play a key role
in the development of lesions. Their adhesion to the endothelium is accom-
plished through immune complexes (CD11/CD18) between the leukocyte
adhesion molecules ELAM and ICAM localized on the endothelial surface.
A number of monocytic products such as free radicals, oxygen peroxides,
hydrolases, and lipases contribute to endothelial damage (Beilke 1989;
Wautier 1989; Hansson 1994). T lymphocytes and macrophages in the athero-
sclerotic lesion produce a number of cytokines which participate in the
control and development of the pathological process (Kosaka et al. 1992;
Filonzi et al. 1993; Kishikawa et al. 1993; Nagashima et al. 1994; Ramshaw
et al. 1994; Stemme et al. 1995).

A number of processes associated with the pathogenesis of athero-
sclerotic lesions show the role of the cytokines and more specifically of IFNy
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in the control of atherogenesis. Such processes include: (1) increased SMC
proliferation; (2) induction of the 15-lipooxygenase enzyme; (3) deposition
of intracellular lipids in SMC and macrophages with the formation of char-
acteristic foam cells under the effect of phospholipase A(2) (Menschikowski
et al. 2000); (4) cholesterol deposition and formation of an ateromic nucleus;
(5) fibrosis development; and (6) induction of cellular oncogenes.

SMC proliferation is controlled by specific growth factors and cytokines
(for review, see Casscells 1991). PDGF and IL-1 are secreted in the arterial
wall after its atherosclerotic damage, and they stimulate SMC proliferation.
IFNy suppresses the mitogenic effect of PDGF (Kosaka et al. 1992; Nagashima
et al. 1994) and inhibits SMC proliferation and a-actin expression (Hansson
et al. 1989). On the other hand, IFNy induces the IP-10 chemokine which
according to some investigators has a mitogenic effect on SMC (Wang et al.
1996), although many experiments show that it is an angiostatic chemokine
(Angiolillo et al. 1996; Arenberg et al. 1996 and others, see p. 36). However,
it appears that the proliferation-inhibiting effect of IFNy prevails over the
effect of the IFNy-induced chemokine. This has been shown in experiments
involving arterial wall damage inflicted by a ballooning catheter. The animals
injected with IFNy have developed smaller lesions than control animals
(Hansson et al. 1991). Other data showing that IFNYy suppresses the prolif-
eration of dividing SMC but activates proliferation of resting SMC cells
should also be considered (Yokota et al. 1992).

15-Lipooxygenase is an enzyme which peroxidases lipids and is associ-
ated with the specific inflammatory cells involved in asthma and atheroscle-
rosis. A study of numerous factors has shown that IL-4 and IL-13 only (Th2
cytokines) induce this enzyme, whereas IFNY, as a Thl cytokine, suppresses
their activity and therefore the lipooxygenase induced by them (Sigal et al.
1993; Nassar et al. 1994).

Cholesterol deposition in atherosclerotic plaques and the development
of fibrosis is also suppressed by IFNy (Hansson 1994). SMC proliferation is
associated with the activation of the c-myc oncogene. IFNY suppresses the
activity of this gene whose disturbed regulation appears to be important for
atherosclerosis pathogenesis (Bennett et al. 1994a,b). In addition, during
increased SMC proliferation, an overexpression of the c-fos and N-ras cellu-
lar oncogenes is observed. These genes are partly suppressed by IFNy (Dong
and Wang 1994). Expression of the cellular oncogene c-fms, which is also
expressed by SMC in atherosclerosis, is activated by PDGEF, EGEF, and fibro-
blast growth factor (FGF), and also is suppressed by IFNY (Inaba et al. 1995).

It has long been suspected that atherosclerosis development may be asso-
ciated with an inflammatory process caused by viruses (Capron 1990; Bayad
et al. 1993; Melnick et al. 1993; Shih and Kelemen 1995; Buja 1996). Recently,
several reports connect this process with infection by cytomegalovirus (CMV),
a member of the herpes virus family (Epstein et al. 1996; Melnick et al. 1996;
Menschikowski et al. 2000). A number of facts support this conclusion.

In a large percentage of atherosclerosis patients, antibodies to CMV anti-
gens were found (Musiani et al. 1990). CMV DNA was found in atheroclerosis
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in the arterial walls of atheromatous plaques (Hendrix et al. 1990; Schonian
and Maisch 1992). It has been shown that the early gene of CMV stimulates
SMC proliferation in blood vessels (Yonemitsu et al. 1997). The deposition of
intracellular lipids depends on the intake of oxidated low-density lipids (LDL),
a process stimulated by CMV infection (Zhou et al. 1996). There are data
showing that in young individuals atherosclerosis development may be con-
nected with Chlamydia pneumoniae infection (Kuo et al 1995; Menschikowski
et al. 2000). Taking into consideration the antiviral and antichlamydial prop-
erties of IFNY, it is logical to assume that this cytokine can have a favorable
effect. Anumber of data show the role of IFNYyin the immune defense against
CMV (Gehrz 1992; Lucin et al. 1994; Schut et al. 1994; Heise and Virgin 1995;
Orange et al. 1995; Davignon et al. 1996).

The combination of these effects of IFNY suggests that this cytokine could
be used in atherosclerosis prophylaxis.

However, it appears that more studies on the role of IFNY in this process
are needed. Contrary to the data described above, a recent study provides
evidence that in the absence of leukocytes, IFNy can induce atherosclerotic
changes (Tellides et al. 2000). It should be taken into consideration, however,
that the experimental design in this case is very different — the effect of
IFNY on a human and on a pig artery transplanted into immunodefective
SCID mice which do not produce T and B lymphocytes or natural killer (NK)
cells. IFNy stimulates the proliferation of SMC in resting cells (Yokota et al.
1992), as are the cells in these experiments, but it inhibits the proliferation
of SMC already induced to divide. Apart from this, there is no doubt that
the development of fibrosis, which is an important element of atherosclerosis,
is suppressed by IFNy.

Recent data about the role of IL-10 are also of interest. In atherosclerotic
plaques of mice with defective production of this Th2 cytokie increased
infiltration of T cells, abundant secretion of IFNY, and decreased collagen
content were found. Administration of IL-10 led to a 60% decrease of the
atherosclerotic lesion (Mallat et al. 1999).

On the other hand, the negative role which IFNy may play in already
existing atherosclerotic plaques has to be taken into consideration. The sta-
bility of the plaque and its resistance to rupture depend on the size of the
atherotic nucleus and the strength of the extracellular matrix coat composed
mainly of collagen, elastin, and proteoglycans. IFNy suppresses the synthesis
of these components and on the other hand increases the expression of
enzymes that degrade the extracellular matrix (Libby and Aikawa 1998;
Libby et al. 1998; Weitkamp et al. 1999). The enzyme lysyloxidase responsible
for cross-linking the extracellular collagen and elastin is also suppressed
(Song et al. 2000). All this weakens the protective coat and may lead to wall
rupture and thrombosis.

Thus, it could be speculated that the role of IFNy may be two sided —
preventive against the development of atherosclerosis and decreasing plaque
stability in already formed plaques.

All these data indicate the need of more studies on this problem.
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11.3  Multiple sclerosis

A number of data show that multiple sclerosis (MS), in which the myelin coat
of the nerve fibres is attacked, is due to endogenously produced IFNy. For
example, an increased number of IFNy-secreting cells (Lu et al. 1993) and an
increased level of IFNy (Beck et al. 1988) are found in MS patients prior to or
during attacks. The strongest argument is the fact that injection of IFNy in
MS patients leads to exacerbation of the disease (Panitch et al. 1987), whereas
IFNB inhibits IFNY secretion and suppresses the symptoms of MS (Rep et al.
1996). The conclusion is that IFNy is contraindicated in MS and compounds
inhibiting its effect have to be used. Besides IFNP, the soluble receptor of
IFNy (its extracellular domain), which is believed to be not immunogenic
(Michiels et al. 1998), may be useful. Peptides imitating the N-terminal end
of IFNYy that would block its receptor also may be used. Another possibility
could be the inhibition of the electrostatic interactions of IFNy with the mem-
brane glucosoaminoglycans, which store IFNY prior to its binding to the high
specific receptor. This interaction is inhibited by heparin and by the negatively
charged peptide in the C-terminal domain of IFNy (Douglas et al. 1997).

11.4 Psoriasis

There are conflicting data on the involvement of IFNy in the pathogenesis
of psoriasis. This chronic papulosquamous skin disease, which affects about
2% of the U.S. population (Morhenn et al. 1987), is associated with cellular
immune mechanisms and is characterized by increased keratinocyte prolif-
eration and intensive mononuclear cell infiltration into the epidermis
(mainly T cells and neutrophils) (Baker et al. 1988; Schlaak et al. 1994; Bruch-
Gerharz et al. 1996).

Unlike normal keratinocytes whose proliferation is suppressed by IFNy,
psoriatic keratinocytes are less sensitive to this cytokine (Morhenn 1988;
Nickoloff et al. 1988, 1989), and it does not affect DNA synthesis in these
cells (Schulze and Mahrle 1986). In addition, overexpression of the anti-
apoptotic oncogene Bcl-x in psoriatic cells blocks normal apoptotic death
and prolongs their life (Wrone-Smith et al. 1995).

The psoriatic plaque lacks two proteins — catepsin D and zinc-alpha(2)-
glycoprotein, which in normal epidermis are associated with apoptosis and
desquamation. Their expression is increased by IFNy, but in the psoriatic
epidermis it is suppressed (Chen et al. 2000). Because of all these data, the
early opinion seems justified that an impaired response to IFNy is at the
basis of this disease (Nickoloff et al. 1989).

There are conflicting data whether the decreased sensitivity of psoriatic
keratinocytes to the antiproliferative activity of IFNYy is due to a decreased
expression of its receptor. According to some data, in psoriatic lesions these
receptors are missing in the upper layers of the epidermis (Scheynius et al.
1992). According to other reports, the receptors are expressed equally well
in the normal and in the psoriatic epidermis (Fransson et al. 1995).
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However, there are data that the psoriatic keratinocytes are as sensitive
to IFNy as are the normal keratinocytes (Morhenn et al. 1987). It should be
also considered that keratinocytes from different anatomical regions respond
differently to IFNY (Brysk et al. 1983; Nickoloff et al. 1984, 1985; Smith and
Higgins 1993). There are also data that IFNy in certain doses suppresses
proliferation of keratinocytes and induces class II major histocompatibility
complex (MHC) and 2-microglobulins, but in high doses it suppresses the
expression of these molecules (Symington 1989).

Normal keratinocytes do not express ICAM-I and HLA-DR, but IFNy
induces these molecules in cell cultures (Basham et al. 1983; Aubock et al.
1985). This leads to increased migration and adhesion of leukocytes in the
epidermis (Griffiths et al. 1989a,b; Groves et al. 1993).

An important factor in psoriasis development is the activation of the c-
erbB oncogene (the receptor for EGF), which occurs under the influence of
TGFo. IFNY increases its mRNA expression in keratinocytes (Elder et al.
1990). On the other hand, it was found that all cells in the psoriatic lesion
produced IFNY (Barker et al. 1991; Schlaak et al. 1994). The number of IFNY-
producing cells — CD4+ and CD8+ T cells (Szabo et al. 1998), mastocytes
(Ackermann et al. 1999), and circulating blood T lymphocytes (Austin et al.
1999) — is also increased. The amount of IFNy in psoriatic vesicles and in
the serum/plasma of psoriatic patients is also considerably increased (Bjerke
et al. 1983; Diezel et al. 1983; Gomi et al. 1991; Chodorowska et al. 1998). IL-12,
which induces IFNY, is also increased (Yawalkar et al. 1998).

Attempts to treat psoriasis with IFNy gave conflicting results. In patients
with psoriasis and psoriatic arthritis IFNY, after initially improving the state
of some patients, led to its subsequent exacerbation (Fierlbeck and Rassner
1988, 1990). Improvement of psoriatic arthritis was not observed with daily
doses lower than 200 ug (Fierlbeck and Rassner 1988). Injection of IFNy under
the psoriatic plaque led to the induction of HLA-DR, but DNA synthesis
was not suppressed and the psoriatic lesion was not eliminated (Schulze and
Mabhrle 1986). Following an intramuscular administration of IFNY, improve-
ment was reported in some patients when higher doses were used —
0.25 mg/m? (Morhenn et al. 1987).

All these data show that IFNYy together with other cytokines plays a role
in psoriasis pathogenesis and its use in psoriasis is contraindicated, although
there are conflicting data. This also is confirmed by the favorable effect of
IL-10 and of the T peptide (an octapeptide from the V2 region of gp10 of
HIV), which induces IL-10 and suppresses IFNy expression (Raychaudhuri
et al. 1999).

11.5 Chronic granulomatous disease

Chronic granulomatous disease (CGD) is a rare disease due to an inherited
defect of the immune system. The leukocytes (neutrophils, monocytes, mac-
rophages, eosinophils), although retaining their phagocytic ability, are not
able to kill the ingested bacteria due to a defect in their NADPH oxidase
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Figure 11.1 Effect of IFNy (0.01 mg/m? injected subcutaneously for 3 days) on the
bacteriocidal activity of monocytes from patients with CGD. (According to data by
Sechler et al. 1988.) Healthy controls (N); CGD patients before ([J) and after
IFNY (H). Ordinates show the percentage of surviving bacteria.

system, which normally produces reactive oxygen radicals (superoxide,
hydrogen peroxide, and other toxic oxygen metabolites). This system
includes the membrane-bound cytochrome b558 and other cytosolic compo-
nents. The suppressed production of superoxide anions is due to the inhib-
ited activity of genes coding for the subunits of NADPH oxidase (Kuga et
al. 1996). The effect of IFNY may be due to the antagonism with IL-10.

In most affected people (up to 70%) the disease is linked to the X chromo-
some, and in most cases the defect is within or due to a lack of the heavy
chain (91 kDa) of cytochrome b (Royer-Pekora et al. 1986; Dinauer et al.
1987). In the remaining 30 to 40% of the cases the disease is manifested as
an autosomal recessive inheritance and is due to the lack of a cytosolic 47-kDa
protein which activates the oxidative metabolism of phagocytes. Less often
the disease is associated with a defect in the light chain of cytochrome b
(Dinauer et al. 1990) or in the cytosolic proteins 47 kDa and 67 kDa (Izu et al.
1992). Due to these defects, affected people are very susceptible to recurrent
pyogenic infections — chronic granulomatous inflammation, abscesses in
the liver caused by Streptococcus aureus, osteomyelitis, invasive infections of
Candida albicans and others. The infections are manifested even in early
childhood, and in small children they may be fatal.

Experimental data show that IFNYy induces the expression of the heavy
chain of cytochrome b, increases manyfold the production of superoxides by
phagocytes, and leads to the death of the phagocyted bacteria (Figure 11.1).

Multicenter clinical trials show that this cytokine has a good healing
effect in this disease (Sechler et al. 1988; Gallin et al. 1991, 1995; Izu et al.
1992; Curnutte 1993; Malmvall and Follin 1993; Lekstrome-Himes et al. 1994)
and is used for prevention of infections (Ezekowitz et al. 1991). The treatment
is long — about 1 year — with subcutaneous injections of IFNY three times
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a week in doses of 50 ig/m? when the body surface is larger than 0.5 m?
and 1.5 pg/kg when the surface is smaller than 0.5 m? This was confirmed
by a CGD-affected child treated in Bulgaria for 1 year with subcuataneous
injections of Gammaferon three times a week with 10¢ IU (about 20 pg). The
IFNy therapy leads to increased chances for survival in this disease (Kolbeck
1993). The potential market for treatment of CGD in the United States is
estimated to be $10 million (Biotechnology Report 2000).

11.6  Skin ulcers in autoimmune vasculitis

We have not found any experimental or clinical data dealing with the effect
of interferons on these skin ulcers in autoimmune vasculitis. It is known that
IFNYy suppresses wound healing, possibly because of the suppressed fibro-
blast proliferation and collagen synthesis (Miles et al. 1994; Fu et al. 1995).
However, it was reported that IFNy blocks mRNA synthesis of the c-cis
oncogene, which is the B-chain of PDGF (Suzuki et al. 1989). This oncogene
may play a role in vasculitis pathogenesis, which suggests that IFNy can
exert a favorable effect in vasculitis ulcers. Clinical trials in Bulgaria with
Virogel G5 confirm this expectation. Several patients with nonhealing ulcers
(some multiple) resulting from autoimmune vasculitis were treated. Daily
application of the gel on the ulcers was performed until the beginning of
epithelization. The results shown in Table 11.2 (Arnaudova et al. 1993) illus-
trate the favorable effect leading most often to complete healing.

11.7 Rheumatoid arthritis

Rheumatoid arthritis (RA), a chronic disease of not well-elucidated etiology,
affects 1 to 2% of the European population, and there is no effective treatment
for it. The data on the role of IFNyin the pathogenesis of RA and the possible
use for its treatment are most controversial.

Some properties of IFNY led to the conclusion that this cytokine plays a
pathogenic role in the induction and maintenance of the inflammatory pro-
cess in chronic diseases such as RA (Obert and Brzoska 1986; Talal and
Flescher 1988; Weyand and Goronzy 1999). This idea is based on the fact
that IFNy induces the MHC class II antigens in various types of cells and
stimulates the macrophages to produce IL-1, an important mediator of the
inflammatory process (see discussion and references in Brzoska and Obert
1987; Lemmel et al. 1987, 1988a,b; Meske et al. 1989; Nakajima et el. 1990;
Sprekeler et al. 1990; Duff 1993). It is also reported that IFNy stimulates a
chondrocyte subpopulation to secrete increased amounts of stromelysine
(Quintavalla et al. 1993) — a metalloproteinase involved in cartilage degra-
dation in joints affected by RA. It was also found that IFNy stimulated the
proliferation of the synovial fibroblasts (Brinckerhoff and Guyre 1985).

Such data would suggest an increased level of IFNY in the synovial fluid
and in the affected tissues as well as an increased number of T cells synthe-
sizing this cytokine, as reported by a number of investigators (Hooks et al.
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Table 11.2  Effect of Virogel G5 on ulcers in autoimmune vasculitis

0L

Number Duration of Degree of
Patient Age Diagnosis Localization (size, cm) Duration treatment healing
1 52 Granulomatosis Wegeneri Lower limb (25x%x2) 3 months 25 days Complete
2 44  Systemic lupus erythematosus ~ Head 3 (1-2) 40 days 14 days Complete
3 18  Systemic sclerosis Hand (periungual) Several (0.5) 2 months 11-30 days  Partial
Complete
4 47  Systemic lupus erythematosus ~ Lower limb 1(3x1) 3 months 21 days Complete
5 36  Systemic sclerosis Hand (periungual)  Several (0.5-1) 2 months 20-15 days  Complete
Partial
6 28 Diabetes mellitus Hand, gluteus, back  Several (0.5-2) 3-4 months 14, 20, 30 Partial
days Partial complete
7 20  Systemic sclerosis Hand (periungual)  Several (0.5) 4 months 30 days Complete
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1979; Cesario et al. 1983; Degre et al. 1983; Hopkins and Meager 1988; Saxne
et al. 1988; Yocum et al. 1989; Kusaba et al. 1998; Isomaki et al. 1999; Ronnelid
et al. 1999; van der Graaf et al. 1999; Yin et al. 1999; Berner et al. 2000; Canete
et al. 2000; Yudoh et al. 2000).

Also, there are data describing a positive correlation between the number
of IFNYy-producing cells and the severity of the disease (Schuerwegh et al.
1999). The increased level of IFNy in RA is explained by the increased
expression of IL-12 in synovial tissues (Morita et al. 1998; Kim et al. 2000a).
IL-18, which is responsible for a Th1 response, is believed to have the same
effect (Gracie et al. 1999). The same holds true for the IFNy-stimulating IL-12
that has caused a strong exacerbation of RA after its administration in a case
of a metastatic cervical cancer (Peeva et al. 2000). The conclusion was also
drawn that the in vitro differentiation of peripheral T cells toward a Th2
profile is disturbed in RA (Asselin et al. 1998).

In agreement with the above data are the results of different approaches
for the treatment of RA. Thus, the favorable results after treatment with
dexamethasone are associated with increased IL-10 and decreased IFNy
levels (Verhoef et al. 1999). The fact that IL-4 was found more often when
single joints were affected than in polyarthritis and frequent combination of
IL-4 and IL-10 in nonerosive than in erosive RA led to the conclusion that
these two Th2 cytokines played an anti-inflammatory and disease-limiting
role (Murray et al. 1998). There are also data showing that the anti-inflam-
matory role of methotrexate in the treatment of RA leads to increased IL-4
and IL-10 levels and decreased IFNYy; that is, to a shift from Thl to Th2
cytokines (Constantin et al. 1998). Such a shift is also observed during treat-
ment of RA with cyclosporin (Kim et al. 2000b). Russian investigators even
report treatment of RA with anti-IFNy antibodies (Lukina et al. 1998).

In contrast to the above data, other studies show that IFNYy is missing
or is present in lower concentration in RA joints, its production is also
strongly decreased, and a Th2-type profile prevails (Hasler et al. 1983;
Husby et al. 1985; Lotz et al. 1986; Ridley et al. 1986; Firestein and Zvaifler
1987; Malaise and Franchimont 1987; Seitz et al. 1987; Herzog et al. 1988;
Stolzenburg et al. 1988; Zangerle et al. 1992; Chen et al. 1993a; Kanik et al.
1998). The favorable effect of the application of anti-TNFo antibodies (Elliot
et al. 1993) is associated with an increased number of IFNYy-synthesizing
cells and a considerable increase in the Th1/Th2 ratio (Maurice et al. 1999).

A predominating Th2 profile was found in erosive RA, which subse-
quently turned into ThO and finally into Th1 (Aarvak et al. 2000). IL-11 expres-
sion (a type 2 cytokine) was found associated with osteoclast differentiation
and destruction of the joints in RA. Its synthesis was partially dependent on
prostaglandin E2 (PgE2). It is interesting that IFNYy inhibits IL-11 production
in cultures of rheumatoid synovial fibroblasts stimulated with IL-1a but not
in freshly isolated cells of the same type (Taki et al. 1998); a fact that shows
the complexity of the cytokine/synovial cell relationship in RA.

In another study, in early synovitis, increased IL-2 and IFNYy (Th1) levels
were found in the blood, whereas in chronic RA IL-6 and IL-10 were
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increased (Th2) (Kanik et al. 1998). These data are in disagreement with the
report that the cytokine profile does not depend on the stage of the disease.

Concerning the concentration of IFNYy in the blood, the data also are
contradictory. According to some data, the concentration of IL-4 in the blood
is higher and that of IFNYy is lower (van Roon et al. 1997; Swaak et al. 1997;
Haddad et al. 1998; Raziuddin et al. 1998). Other investigators find a dom-
inant Th1 profile (Aarvak et al. 2000; Yudoh et al. 2000) or do not find any
changes in the Th1/Th2 ratio (van der Graaf et al. 1999; Berner et al. 2000).

It has been reported that chondrocytes stimulated with IFNy to produce
class II MHC are more resistant to lysis (Yamaga et al. 1993). It has been
found that IFNy completely eliminates the bone resorption caused by IL-1
and TNF (Gowen et al. 1986).

The paradox of data showing both a stimulatory and an inhibitory effect
of IFNy on the inflammatory reaction in RA is hard to explain, but the
following possibilities or a combination of them could be proposed:

* The complex cytokine network (Kawade 1990), including several neg-
ative and positive feedback loops, leads to many interactions, the
results of which depend on a number of exogenous and endogenous
hard-to-control factors.

¢ The hypothesis has been proposed that IFNy applied locally stimu-
lates the rheumatoid process, whereas its systemic application would
inhibit it (Billiau 1987; Heremans and Billiau 1989). This, however,
does not agree with data on its healing effect (see below) obtained in
Germany after systemic application and in Bulgaria following its
topical application.

¢ Another possible hypothesis is that the effect of IFNy depends on the
activity of the macrophages. Normal and slightly activated macro-
phages would be induced by the IFNY to produce IL-1 causing in-
flammation, whereas IFNy would suppress its production in strongly
activated macrophages, as is the case of RA (Brzoska and Obert 1987;
Klein 1988).

¢ It is especially important to consider the fact that the effect of IFNyis
dependent on its concentration, which has an optimum for activity
(Kleinerman et al. 1986). As seen from literature data (Lemmel et al.
1988a,b; Obert et al. 1989a,b; Obert and Brzoska 1989b), and from
clinical trials in Bulgaria (see below), it appears that the lower doses
are more effective in this disease.

¢ Another very important fact is the finding of a high level of soluble
extracellular IFNy receptor (sIFNYRa) in the plasma of RA patients
(Bello et al. 1998). The role of sIFNYR as a blocker of IFNYy leaves open
the question of the actual concentration of this cytokine as a free,
active ligand that can bind to the cellular membrane receptors.

* We shall also draw our attention to the role of the two complement-
regulating factors — factor H and FHL-1 (reconectin) — the result of

© 2002 by CRC Press LLC



Chapter eleven: Noninfectious nonmalignant diseases 105

alternative processing of the same gene transcript. This gene is induced
by the proinflammatory IFNy as well as by the anti-inflammatory
dexamethasone. The gene is expressed in the synovial fibroblasts and
its products are found in the synovial fluid of RA patients, where they
play a regulatory and a protective role (Friese et al. 2000). This could
explain the seemingly contradictory fact of the same effect of dexa-
methasone and of IFNYy.

* The level of a cytokine in the blood and at the site of the inflamed
joint is often different, which appears to be due to its differential
distribution between these two compartments.

¢ Finally, we should also mention the effect of many factors on the
determination of cytokine level, such as the standards of different
manufacturers, the different methods used, and so on (Aziz et al. 1999).

What are the results from the clinical application of IFNYy?

In Germany this cytokine is used for treatment of RA by parenteral
administration (Obert and Hofschneider 1985; Obert and Brzoska 1986;
Brzoska and Obert 1987; Lemmel et al. 1987, 1988a,b; Klein 1988; Veys et al.
1988; Sprekeler 1988; Sprekeler et al. 1988, 1990; Meske et al. 1989; Obert and
Brzoska 1989a,b; Obert et al. 1989a,b). The results obtained show a favorable
effect in about 60% of all cases, and the known side effects have been reported
(Obert and Brzoska 1989a,b). The most serious adverse effect was the induc-
tion of anti-DNA antibodies in single cases (Seitz et al. 1988a; Sprekeler 1988).
In a review, however, the opinion was expressed that the clinical trials of
RA treatment with IFNy were variable and “the use of IFNy in rheumatoid
arthritis has not yet been established as being of high value” (Duff 1993).

Taking into consideration the conflicting data and the side effects upon
parenteral administration, trials have been conducted in Bulgaria by local
treatment of the affected joint with IFNy-containing gel (Virogel G5, with 2 ug
IFNY/g gel).* After gel application, Gammaferon was helped to penetrate
through the skin pores by treatment of the joint with ultrasound (sonophore-
sis, see Chapter 8, Section 8.2) at a therapeutic frequency of 1 Mhz, 0.6 W/cm?
for a period of 6 to 8 min every day until improvement was recorded. The
treatment was performed on 14 patients with rheumatoid gonitis. One knee
was used as a placebo control. The results in Table 11.3 show the rapid
subjective and objective improvement without any side effects.

These preliminary clinical data are in agreement with the results
obtained in Germany after systemic adiministration of IFNYy. They justify the
performance of more extensive clinical trials with local application of IFNy
as Virogel G5 and sonophoresis. Studies for elucidation of the reasons for
the conflicting results should also continue.

We should also mention the positive results with IFNyin chronic juvenile
arthritis resistant to other treatment (Coto et al. 1998).

* Clinic of Rheumatology, Sofia, Bulgaria. Dr. P. Arnaudova, Dr. L. Marinchev, and Dr. R. Mitseva.
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Table 11.3  Effect of IFNYy (Virogel G5 applied with sonophoresis) on
different symptoms of RA (average data from 14 patients)

Symptom IFNy p° Placebo p?
Swelling? 157 £0.22 p<.0001 041=+037 Notsignificant
decrease (cm)
Swelling® 123 +033 p<.003 0.05=+033 Notsignificant
decrease (cm)
Flexion 21.8+25 p<.0001 12+5 Not significant
% increase
Leukocytes in synovial fluid 66.2+73  p <.0001 ND —
% decrease
Ragocytes in synovial fluid 77.5+94  p <.001 ND —

% decrease

2 Circumference over the patella.
b Circumference above the patella.
¢ p: statistical significance according to Student; ND — not determined.

11.8  Osteopetrosis

Osteopetrosis is a rare inherited disorder caused by a disturbed balance
between the activity of osteoblasts building the bone and that of osteoclasts
responsible for bone resorption. The ineffective function of osteoclasts results
in bones that are abnormally dense and heavy, yet easily broken. The
increased bone mass can limit the available bone marrow space, which leads
to anemia (reduced production of erythrocytes), bleeding (reduced platelets
number), and infections (reduced leukocyte number). When the bones are
dense enough to prevent blood vessels and nerves to pass through them,
blindness, deafness, and stroke can occur.

It is manifested as an autosomal disease in three forms: (1) early, infantile
(“malignant”) form, exhibited in the first months after birth, and the affected
children die during the first 10 years of life; (2) late form affecting adults
with a good prognosis, since 50% of affected people may be asymptomatic;
(3) intermediate form affecting children but with a better prognosis than the
early, infantile form.

Bone marrow transplantation which replaces the abnormal osteoclasts
with healthy ones has been used with some success to treat the most severe
infantile form. Calcitrol and glucocorticoids are used in the late form (for
reviews, see Carolino et al. 1998).

We mention this disease since a good healing effect with IFNy was found
(Key et al. 1995), and successful clinical trials have been conducted in the
United States with Actimmune (IFNYy-1b), supporting the Food and Drug
Administration (FDA) approval of such treatment. The potential market for
Actimmune to treat osteopetrosis in the United States is estimated to $10
million annually.
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11.9  Allergic disorders

Allergic states, such as atopic dermatitis, asthma, and other various allergic
reactions, undoubtedly are genetically determined, but do not follow the
classic Mendel’s laws of inheritance (for review, see Borish 1999), probably
due to their multigenic character.

All allergic disorders are associated with hyperimmunoglobulinemia E
(HIE syndrome). The IgE molecules play a central role in the pathogenesis
of the primary hypersensitivity reaction by binding the high-affinity IgE
receptors of the mastocytes and causing secretion of mediators and pro-
inflammatory cytokines after exposure to allergens (for review, see Leuing
1999). These cytokines (IL-4, IL-5, IL-10, IL-13) are produced by the Th2 cells
(Haczku et al. 1996; Till et al. 1997; Haas et al. 1999). Domination of Th2
cytokines over the Th1 type is a major characteristic of allergic reactions. The
disturbed balance between Th1l and Th2 lymphocytes leads to domination
of the humoral immunity components over those of the cellular immunity
(see Chapter 1, Figure 1.1) (Hilkens et al. 1996b; Kapsenberg et al. 1996; Haas
et al. 1999; Leung 1999). It has been observed that some lectins may cause a
Th2 response (Haas et al. 1999).

In some cases, the Thl subpopulation is affected, and in others the Th2,
but the Thl/Th2 ratio always decreases. This leads to esinophilia and
increased IgE content. It was found that in allergic patients the number of
IL-4-producing CD4+ cells increased more than twofold and that of CD8+
sixfold as compared to nonallergic patients, which leads to an increased IFNy
level (Meissner et al. 1997). It was shown that IFNy regulated IgE production
in HIE syndrome (King et al. 1989). In a mouse model it was found that only
aerosolic IFNy was active in the allergic sensitization of airways, but it was
not active if administered parenterally (Lack et al. 1994). In the same model
aerosolic IFNy suppressed the overreactivity of airways, whereas parenter-
ally administered IFNYy suppressed the IgE level and the cellular infiltration
(Hofstra et al. 1998).

The production of other Th2 cytokines — IL-5, IL-10, and IL-13 — also
is increased (see above). Mice lacking an IFNYy receptor maintain a Th2
cytokine profile and have a disturbed ability to deal with esinophilic lung
infiltrates (Coyle et al. 1996). In antigen-sensitized mice esinophilic infiltra-
tion occurs in the trachea, which is prevented by intraperitoneal injection of
IFNy (Iwamoto et al. 1993) or of IL-12 (Iwamoto et al. 1996) and by its
application as an aerosol (Nakajima et al. 1993).

These data suggest the use of IFNYy in allergic states, where its effect is
different in atopic and nonatopic conditions (Reinhold et al. 1993). It is
important to point out the effect of corticosteroids on allergic states. The
latest data show that treatment of macrophages with dexamethasone inhibits
the synthesis of IL-12 and subsequently of IFNYy. This increases the synthesis
of IL-4 by CD4+ T cells. Thus, the corticosteroids, although they directly
inhibit the induction of Th1 and of Th2 cytokines (Braun et al. 1997; De Kruyff
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et al. 1998), actually indirectly stimulate the production of Th2 cytokines
through the inhibited synthesis of IL-12. Therefore, treatment of allergic
diseases with corticosteroids runs the potential risk of exacerbating the aller-
gic symptoms due to overproduction of Th2 cytokines (De Kruyff et al. 1998).

11.9.1 Atopic dermatitis

Atopic dermatitis is manifested as a chronic recurrent inflammation of the
skin. Its incidence increased from 3% in 1960 to 10% during the last few
years. The disease starts in early childhood. In 60% of the patients the
symptoms of the disease are manifested during the first year of life and in
90% until the fifth year. In the most severe cases there is a 50% chance of
developing a permanent disease. The patients have an increased suscepti-
bility to skin infections caused by bacteria, viruses, and fungi. They develop
pustules and impetigo from Streptococcus aureus, herpes simplex, herpes zoster,
and other viruses with complications such as herpes keratitis, darkening of
the cornea, and even blindness.

Much data, mostly from the last few years, show that atopic dermatitis
is associated with a defect of the immune system manifested as an imbalance
between the Th1 and Th2 helper T lymphocytes, with domination of the Th2
and inhibition of the Thl phenotype (Gruner et al. 1990; Boguniewicz and
Leung 1992; Bohm and Bauer 1997; Koning et al. 1997; Leonard et al. 1997;
Motoki et al. 1997; Nakazawa et al. 1997, Campbell et al. 1998; Nakagawa
et al. 1998; Teramoto et al. 1998; Jung et al. 1999a) (see Chapter 1). In children
with atopic dermatitis it was found that not only the number of cells syn-
thesizing IFNy decreased, but also the amount produced by each individual
cell (Campbell et al. 1999). The disturbed ratio between IFNy on the one
hand and IL-4, IL-10, and IL-13 on the other leads to overproduction of IgE
by B lymphocytes, to esinophilia, and to hyperstimulation of the Langerhans’
cells in the skin which contain IgE receptors on their surface. In patients
with atopic dermatitis a considerable decrease is observed in the percentage
of CD3+/CD8+ peripheral T cells expressing IFNy and an increased percent-
age of CD3+/CDS8- T cells expressing IL-4 (Ferry et al. 1997).

It should be mentioned that in children with atopic dermatitis, increased
IFNY mRNA was found but a decreased content of IFNY. This means that
the defect in its production may be at the level of translation (Koning et al.
1997). There are data that the IFNy deficit is not due to a lack of cytokines
which induce it (such as IL-12, IL-2, IL-18) (Jung et al. 1999b).

All of these data show that IFNy should exert a favorable effect by
recovering the immune balance. Some data show that the atopic kerati-
nocytes are extremely sensitive to IFNy (Pastore et al. 1998). This is confirmed
by clinical data where IFNy was administered subcutaneously usually in
doses of 50 pug/m? daily or every other day for 4 weeks and even up to 22
to 24 months (Hanifin et al. 1993; Reinhold et al. 1993; Musial et al. 1998;
Noh and Lee 1998; Schneider et al. 1998; Stevens et al. 1998; Ellis et al. 1999;
Jang et al. 2000). Improvement of the pathological symptoms was observed
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and the interferon was well tolerated. In one clinical study it was found that
favorable results were obtained with IFNy. This therapy was recommended
when esinophils were increased by less than 9% and the level of IgE was
lower than 1500 IU/ml (Noh and Lee 1998).

When “rash” immunotherapy was used against sensitizing allergens, it
was shown that IFNYy production by CD4+ T cells activated by the allergen
was increased (Lack et al. 1997).

11.9.2 Asthma

Asthma attacks are associated with a mechanism which is induced by an
increased IgE level due to a disturbed balance between IFNy and IL-4. In
asthma the peripheral blood mononuclear cells spontaneously synthesize
more IgE than those of normal individuals. IFNYy suppresses the synthesis
of IgE induced by IL-4 in asthmatic individuals (Lui and Xing 1997). The
continuous treatment with pollen of peripheral mononuclear cells isolated
from asthmatic individuals leads to a decrease in the IFNYy/IL-5 ratio
(Lagging et al. 1998). This also has been found for bronchoalveolar asthma
(Kimura et al. 1999). An increased IL-4/IFNy ratio is also found in children
with moderate and severe asthma (Hoekstra et al. 1997; Nurse et al. 1997).
In allergic asthma it was found that the production of IL-12 and of IL-12-
dependent IL-8 secretion was also decreased (van der Pouw-Kraan et al. 1997).

A decreased IFNY production in children with bronchiolitis is an indi-
cation of decreased pulmonary function and increased sensitivity to hista-
mine after recovery of the disease and is associated with the subsequent
development of asthma (Renzi et al. 1999).

In experiments with mice it was shown that IL-12 suppressed the allergic
inflammation of the airways by inducing the synthesis of [FNy (Bruselle et
al. 1997). Decreased production of IFNYy due to decreased synthesis of I1L-12
was also found in people suffering from allergic asthma (Van der Pouw
Kraan et al. 1997). The CD8+ T cells are also an important source of IL-4 in
asthmatic individuals (Stanciu et al. 1997). It has been shown that the favor-
able antiasthmatic effect of theophylline is due to the suppression of IL-4
synthesis (Tohda et al. 1998). Asthma attacks are also associated with
increased levels of IL-6 and TNFa (Subratty and Hooloman 1998).

The reason for the altered relationship between Thl and Th2 cells in
asthma has not yet been elucidated. In any case, it is not due to a damaged
IFNYy gene. No mutations in this gene were found in 265 asthmatic patients
(Hayden et al. 1997).

It is of interest to mention the role of the smooth muscle cells of the
airways concerning their reaction to the production of Th1 and Th2 cytokines.
Such atopic cells from asthmatic individuals initially synthesize Thl-type
cytokine mRNA (of IFNy, IL-2, and IL-12) upon allergen sensitization, which
is followed by an increased expression of Th2 cytokines (IL-5 and granulocyte-
macrophage colony-stimulating factor [GM-CSF]). In isolated allergy-affected
smooth muscle cells from the airways of asthmatic individuals, treatment
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with IFNYy or with IL-2 leads to the elimination of their increased constrictive
response to acetylcholine and their decreased relaxation response to isopro-
terenol (Hakonarson et al. 1999).

In contrast to the data presented above there are reports of an increased
level not only of IL-4 and IL-5, but also of IFNY in the serum of asthmatic
patients, in whom a correlation is found between the asthmatic attacks and
the increased IFNYy level but not with the level of IL-4 and IL-5 (Ten Hacken
et al. 1998). There are data that along with the presence of the Th2 type in
asthma, the increased level of IFNY in the blood is due to the CD8+ T cells
(Magnan et al. 2000). In contrast to the main mechanism of the allergic state
are data that alveolar macrophages secrete more IFNy and less IL-10; that is,
Th1 cytokines predominantly play a pathogenic role in asthma (Cembrzinska-
Nowak et al. 1993). This has justified the idea of steroid inhalation, which
would shift the T-cell ratio in favor of the Th2 profile (John et al. 1998).

The reason for these contradictory data is not clear given the fact that
the majority of data support a therapy that shifts the cytokine profile from
Th2 to Thl (Barnes 1996). It could be hypothesized that in some cases this
is associated with increased NO production by the epithelial cells of the
airways. The increase in NO is of considerable importance for the develop-
ment of asthma, and these cells express NO synthase II (Guo et al. 2000),
whose expression is suppressed by corticosteroids. It is possible that IFNy,
which can induce the synthesis of NO (see p. 33), may have a negative effect.
The balance between its concentration and that of the other cytokines is
probably of importance. There also are data that IFNY is not effective for the
treatment of steroid-dependent asthma (Boguniewicz et al. 1993).

11.9.3  Other allergic reactions

IgE plays a major role in allergic reactions and in the pathogenesis of the
fast hypersensitivity reaction due to its ability to specifically bind the high-
affinity receptors on the mastocytes and to stimulate in this way the produc-
tion of mediators and proinflammatory cytokines after exposure to allergens.
Eosinophils and T lymphocytes of the Th2 type producing IL-4, IL-5, IL-10,
and IL-13, but not IFNYy, dominate during the late response (for review, see
Leung 1997, 1998). The number of cells synthesizing IL-4 is increased in
atopic organisms in response to allergens (Gabrielsson et al. 1997).

For example, food allergies are associated with the stimulation of IL-4
(without IFNYy suppression, unlike atopic dermatitis) leading to the produc-
tion of IgE (de Jong et al. 1996, Campbell et al. 1998).

In allergic rhinitis the immune response also is of the Th2 type (Benson
et al. 2000; Moverare et al. 2000). In some cases, no changes in IFNy and IgE
were found, but the synthesis of IL-5 was induced (Ohashi et al. 1998). In
other studies of allergic rhinitis increased IL-4 and IL-5 mRNA expression
was found in the nasal mucosa of patients following exposure to the allergen
(Lee et al. 1997a), and an increased IL-5/IFNY ratio and elevated IL-10 were
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found in the nasal lavage at the beginning of the pollen season (Benson et al.
1997). Spontaneous expression of IL-4 mRNA is observed in cases of pollen
allergies, unlike in healthy individuals. Decreased IFNYy with increased IL-4
and IL-5 synthesis is found only during the pollen season (Munoz-Bellido
et al. 1998). Specific immunotherapy led to a decrease in IL-4 expression
during the pollen season (Soderlund et al. 1997). According to a different
study of pollen rhinitis, IL-4 was also increased and IFNYy decreased, but the
favorable effect of the immunotherapy was mostly due to modulation of the
Th2 cells rather than of the Thl cells (Ohashi et al. 1997).

A study of allergies to house dust containing the Dermatophagoides
pteronyssinus allergen also showed a considerably increased IL-4 mRNA
expression as compared to that in nonallergic individuals, whereas no dif-
ferences in the IFNY level were found (Laan et al. 1998).

Decreased production of IFNy by peripheral mononuclear cells stimu-
lated with a milk allergen was found in children allergic to cow milk (Sutas
et al. 1997). Contrary to this study, increased secretion of both Th1 and Th2
cytokines in the blood was reported in children allergic to cow milk (Hauer
et al. 1997). Increased IL-4 and IL-13 transcripts and the absence of IL-2 and
IFNy were found in allergic conjunctivitis (Fujishima et al. 1997). After
chronic sensitization of the skin with trinitrochlorobenzene, a shift of the
cytokines from a Th1 to a Th2 profile also was observed (Kitagaki et al. 1997).

Decreased IFNY secretion was found in newborns, who exhibited sus-
ceptibility to allergies later in life, and it was due to the disturbed function
of the costimulatory mechanisms (Pohl et al. 1997).

11.10 Lupus erythematosus

Systemic lupus erythematosus (SLE) is an autoimmune disease characterized
by a hyperactivation of the B cells, production of autoantibodies, and depo-
sition of immune complexes in vitally important organs. SLE patients have
a defect in the antigen presentation system, which is associated with a
decreased expression of the B7-1 costimulatory molecules induced by IFNy
(Tsokos 1996; Tsokos et al. 1996).

It is generally accepted that the pathogenesis of SLE is associated with
a disturbed balance in the cytokine network (in the Th1/Th2 phenotype
ratio), although to a certain extent the data are contradictory. In autoimmune
mice IFNy suppressed the sensitivity of B lymphocytes to the proliferation-
stimulating effect of IL-4 (Minoda et al. 1991). In a mouse model of SLE IFNy
also suppressed B-cell proliferation. Low doses of IFNy in combination with
the immunosuppressant FK506 is recommended for suppression of a poly-
clonal B-cell proliferation (Minoda et al. 1992). After improvement of the
disorder by treatment with methotrexate, the cytokine profile was normal-
ized, which showed the role of the Th1/Th2 ratio for the progression of the
disease (Segal et al. 1995). A mouse model of lupus nephritis antibodies
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against IFNy did not influence the progression of the disease, which dis-
proves the role of this cytokine in its pathogenesis (Nicoletti et al. 1992).

In contradiction with these data are several experiments in mice which
develop an autoimmune disease similar to SLE in humans and die from
glomerulonephritis. In these experiments soluble IFNY receptors and mon-
oclonal antibodies against IFNYy increased the survival rate of the mice,
whereas application of IFNY reduced it. This has supported the idea of using
IFNY inhibitors to treat the early stages of the disease (Ozmen et al. 1995).
In other experiments also with mice susceptible to lupus, no clear Thl or
Th2 cytokine profile was found — there was an overexpression of transcripts
of both types of cytokines (IL-1, IL-10, and IFNY) in their lymph nodes
(Prud’homme et al. 1995). In another experiment with such mice the
IFNYy/IL-4 ratio was increased as compared to the normal level, and as the
animals aged and the disease progressed, the ratio increased, whereas in
normal animals it decreased (Shirai et al. 1995).

In humans, however, most data from SLE patients support the role of
the Th2 cytokines in the pathogenesis of the disease, although some contro-
versies still remain. It was found that IFNY restores HLA class II expression
on T cells and activates the T helper cells without influencing their prolifer-
ation (Volk and Diamantstein 1986). In another study of SLE patients an
increased IFNYy and a decreased IL-4 levels were found, and the conclusion
was drawn on the role of this shift in the pathogenesis of the disease (Funauchi
et al. 1991a,b). Other investigators report highly increased IFNy and IL-6 in
SLE patients with lymphadenopathy and nephrotic syndrome (al-Janadi et
al. 1993). Some SLE patients had an increased IL-10 serum level, which
supports treatment with antagonists of IL-10, such as its soluble receptors,
or Th1 cytokines (Ishida 1994). And in fact the administration of anti-IL-10
antibodies delayed the development of the autoimmune reaction (Ishida et
al. 1994). This is also in agreement with other observations of increased Th2
(IL-4, IL-6, IL-10) expression and low or undetectable expression of Thl
cytokines (IL-2, IFNYy) in SLE patients (Richaud-Patin et al. 1995; Hagiwara
et al. 1996a). Such a profile explains the strong effect on B-lymphocyte pro-
liferation and differentiation associated with the overproduction of auto-
antibodies. In a different study, however, no change in the Th1/Th2 ratio
was found except in lupus-induced glomerulonephritis where the Th1 type
was dominant (Akahoshi et al. 1999). Others also found a decreased NK
activity associated with a defect in IFNy and IL-2 production in SLE patients
(Gaspar et al. 1988). However, incubation of the mononuclear cells with IFNy
or IL-2 did not improve their cytotoxicity.

It is hard to speculate about the reasons for these contradictory data after
taking into consideration the complex concentration-dependencies of the
cytokine activities, the differences in the reactivity of the organism, the
differences in cytokine expression at the level of transcription and transla-
tion, and so on. The prevalent conclusion from studies on humans is that a
dominant Th2 cytokine profile is of importance for the development of the
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disease. In agreement with this conclusion is one clinical trial where a good
effect has been observed after treatment with I[FNy (Gammaferon) in com-
bination with cyclophosphamide (Egorova and Balabanova 1994).

Our experience with ulcers associated with SLE shows that local applica-
tion of IFNY (Virogel G5) stimulates their healing (see Table 11.2).

11.11  Severe traumas, burns, and surgical operations

The most common deviation in immune response that occurs after heavy
trauma is the decreased ability of the monocytes to express MHC class 1I
antigens (HLA-DR) on their surface. Their normal expression is restored
toward the end of the healing process, but the expression did not return to
normal levels if the outcome was fatal (Hershman et al. 1988, 1989). This
decreased function is considered to be critical in cases of infected severe
traumas (Polk et al. 1992). It has been shown that although IFNy does not
affect HLA-DR expression in healthy organisms, it considerably increases this
expression after severe traumas (Hershman et al. 1989). The same also was
found in experiments on mice with artificially infected wounds, where IFNy
induced the expression of the Ia antigen (MHC class II in mice) and favorably
influenced their survival (see Polk et al. 1992 and references therein). Defective
Ia expression in mice also was found after hemorrhagic shock (Ayala et al.
1993). The decreased immune resistance after hemorrhagic shock in rats was
restored following treatment with IFNYy (Livingston et al. 1988).

Therefore, severe traumas dramatically decrease the function of the Th1
cells in vivo, and the recovery of this function should have a favorable effect
(Kelly et al. 1999). There are data that this functional defect is not due to
an increase in Th2 activity but to an overall T helper cell dysfunction
(annergy) leading to suppression of cytokine production (Meert et al. 1998;
Puyana et al. 1998; De et al. 2000). The application of IFNYy (100 pg daily,
subcutanously for 21 days) did not lead to coagulopathy and fibrinolysis
as supposed (Dries et al. 1998).

Severe burns also lead to an immune deficit. It has been found that after
a severe burn the NK activity of the peripheral lymphocytes is only 30% of that
of controls. There are data for a shift of the cytokine profile from Th1 to Th2
type (Takagi et al. 1998) occurring with the participation of CD8+ T cells (Zedler
etal. 1999). In mice the Th2 profile with decreased production of IL-2 and IFNy,
which occurs after burns, continues for up to 14 days until the normal Th1
profile is restored (Hunt et al. 1999). For the shift of the cytokine profile after
burns, it is proposed that a role is played by the production of nitrogen
derivatives by the macrophages (Schwacha and Somers 1998).

The data on the role of the cytokine IL-10 are controversial. According
to a study in mice, this cytokine does not play an essential role for survival
and for the modified immune function after burns (Kavanagh et al. 1999).
According to other data, again from experiments with mice (Lyons et al.
1999), IL-10 plays a role in the immune suppression immediately after
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burns. The investigators believe that inhibition of this cytokine from the
first day after a burn would be useful for the reestablishment of the dis-
turbed immune function.

Despite the expectations, clinical trials did not find IFNy and IFNo to
be useful (Stein et al. 1984). Also, trials with IFNy-1b conducted in
23 clinical centers for burn victims did not find any differences in the
progression and outcome of burns upon the application of this interferon
(Wasserman et al. 1998).

In a model of corrosive burns of the oesophagus in rats, consecutive
treatment with EGF and IFNYy considerably decreased residual stenosis (Berthet
et al. 1994a,b).

The formation of hypertrophic scars following burns is associated with
collagen deposition and is due (at least in part) to the increased expression
of IL-6 by fibroblasts isolated from such scars (Xue et al. 2000). As we
mentioned before, this cytokine is suppressed by IFNY.

Regardless of the unsatisfactory clinical results, the experiments and
clinical trials for the role of IFNYy in all types of severe traumatic damage
should be continued (Polk et al. 1992).
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Malignant diseases

12.1 Background for using IFNy
in malignancies

Several activities of IFNYyjustify its using for treatment of malignant diseases.
They include its antiproliferative, immunomodulatory, and antitumor activ-
ities, its activating effect on cellular immunity as a member of the Thl
cytokines (see Chapter 3), and also its possible protective role in malignant
transformation.

Decreased production of Thl cytokines by stimulated peripheral leuko-
cytes is found in malignant tumors. In patients with cancer of the kidney,
prostate, and bladder the level of Thl cytokines (IFNy and IL-2) was
decreased and the level of Th2 cytokines (IL-4, IL-6, IL-10) was not affected.
These data led to the conclusion that it is the function of the Thl cytokines
which is disturbed, but there is no shift from a Th1 to a Th2 profile (Elsasser-
Beile et al. 1998, 1999). The serum of cancer patients (breast cancer, colorectal
cancer, ovarian cancer) contains substances which suppress the synthesis of
IFNy by phytohemaglutinin (PHA)-stimulated peripheral blood mono-
nuclear cells (Muster et al. 1996).

In experiments with mice it has been shown that the endogenous IFNy
is a factor controlling carcinogenesis, both chemical and spontaneous. Mice
with a defective IFNY receptor, as well as with a defect in the STAT-1 meta-
bolic pathway (see Chapter 4), develop more tumors and in a shorter period
than normal mice following treatment with methylcholantrene. Also, such
mice are not sensitive to IFNy and after additional inactivation of the p53
tumor suppressor gene (p53~/- mice) develop a wide spectrum of tumors as
compared to only p53 knockout mice (Kaplan et al. 1998).

IFNY increases the activity of lymphokine-activated killer cells (LAK),
tumor-infiltrating leukocytes (TIL), and macrophages in pleural exudates
of melanoma and breast and kidney cancer patients. Thus, the combination
of IFNy and low doses of IL-2 appears to be useful in immunotherapy
(Papamichail and Baxevanis 1992).

The TIL, which play a major role in tumor cell elimination, cannot exert
their tumorocidal activity in the absence of IFNYy (Tuttle et al. 1993). The
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Figure 12.1 Growth (in %) of different human tumor types treated with IFNo, IFNY,
or with their combination (500 IU/ml). (According to data by Denz et al. 1985.)

A. Colon adenocarcinoma (CCL218)

B. Lung adenocarcinoma (CCL185)

C. Breast cancer (BT20)

D. Laryngeal cancer (KB)

E. Histiocytic lymphoma (U937)

F. Myeloma (U266)

G. Acute T-cell leukemia (MOLT4)

ability of TIL to lyse autologous tumor cells is strongly increased after their
incubation with IFNy (Wiebke et al. 1990). The intensity of tumor infiltration
by TIL positively correlates with the expression of IFNy, tumor necrosis
factor (TNF), and IL-2. It was found, however, that in some tumors (breast
and ovarian) TIL rarely express these cytokines (Vitolo et al. 1992).

In malignant tumors, as in allergic diseases, an important role is played
by the Th1/Th2 cytokine ratio. In a number of malignant tumors (melanoma,
colon cancer, lung cancer, ovarian and kidney cancer, and sarcomas) local
immunosuppression was found in the tumor bed with a predomination of
Th2 (IL-10) cytokines (Spellman et al. 1996). Gradual loss of the Th1 popu-
lation in the spleen was found in mice upon progression of the tumor growth
(Ghosh et al. 1995). All these data indicate the rationale of using factors (such
as IFNY) that change this profile in the direction of the Thl cytokines. An
example of the growth suppression of different malignant cells by IFNy,
IFNo, and their combination is shown in Figure 12.1.

Results which contradict this concept also have been reported. The report
that IL-4 (a Th2 cytokine) inhibits the growth of a number of tumors which
express its receptor (IL-4R) was unexpected (Morisaki et al. 1992; Obiri et al.
1994). The effect was synergistically increased in combination with IFNy and
TNFa (Morisaki et al. 1992). On the other hand, however, it was found that
incubation of TIL with IL-4 did not lead to an increase of their antitumor
cytotoxicity (Shimizu et al. 1991). Unusual was also the report that IFNy
inhibited the growth of the OVCA cell line by increasing IL-6 expression
(Offner et al. 1995).
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The use of IFNY for immunotherapy of malignant tumors may be applied
in seven purposes:

For a direct stimulation of the cellular immunity. IFNy stimulates the
tumorocidal activity mainly of the macrophages by inducing nitric oxide
(NO) production (see Section 3.6). The role of IFNy-stimulated macrophages
can be seen from experiments with genetically defective mice (CBA/He]J,
A/], and P/]J) whose macrophages are unable to develop antitumor activity
after stimulation with IFNy (Boraschi et al. 1984).

It should be taken into consideration that macrophages from different
anatomical regions of cancer patients exhibit different sensitivities to cyto-
kines. Thus, IL-6 inhibits the tumorocidal activity of alveolar macrophages
in lung cancer patients, but this effect is not observed with peritoneal macro-
phages of ovarian cancer patients and with peripheral monocytes in both
types of cancer. However, in both cases IFNY in combination with
lipopolysaccharide (LPS) stimulates the tumorocidal activity of peritoneal
macrophages and peripheral monocytes (An et al. 1996).

There are different data regarding the effect of IFNy on the LAK and
natural killer (NK) cells (Platsoucas 1986; Wiebke et al. 1990; Yanagawa et
al. 1990). According to some investigators, IFNy decreases LAK activity in
healthy individuals (Yanagawa et al. 1990). LAK cell cytotoxicity is stimu-
lated by their contact with target tumor cells and is due to the synergistic
effect of IFNy and TNFa secretion (Chong et al. 1989). The appearance of
LAK cells under the effect of IL-2 occurs with the aid of IFNy (Itoh et al.
1985). IFNYy-lacking patients with cancer of the digestive tract and of the
breast also lacked or had an extremely low production of LAK activity by
peripheral mononuclear cells in response to IL-2. Antibodies against IFNy
also completely inhibited LAK activity, and the addition of exogenous IFNy
restored it (Shiiba et al. 1986).

The NK cells produce perforin, which participates in the membranolytic
activity responsible for lysing tumor cells. However, to this end, the perforin
has to bind the cholinphosphate-containing lipid PAF (platelet-activating
factor) released by NK cells, which is incorporated into the membrane via
its specific receptor. IFNYy stimulates the expression of this receptor and the
killing of tumor cells via the perforin metabolic pathway. Tumor cells where
IFNYy cannot induce the PAF receptors are resistant to perforin lysis (Berthou
et al. 2000).

The cooperation between T lymphocytes and macrophages is also IFNy
dependent. It is believed that T cytotoxic cells recognize foreign antigens in
association with cellular surface markers, such as the major histocompati-
bility complex (MHC) class I molecules. Activation of macrophages with
IFNY increases the expression of the MHC antigens and makes the tumor
cells more susceptible to the cytotoxic lymphocytes.

Here we have to point out a special feature of the IFNYy effect. A large
number of studies show that IFNy independently of its stimulatory effect on
the NK and LAK cells makes the malignant target cells more resistant to the
lytic activity of NK and LAK (Wallach 1983; Gronberg et al 1985, 1989a,b;
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De Fries and Golub 1988; Zoller et al. 1988; Toledano et al. 1989; Garbe et al.
1990; Jabrane-Ferrat et al. 1990a; Lollini et al. 1990; Maziarsz et al. 1990;
Naganuma et al. 1992; Cesano et al. 1993; Garbe and Krasagakis 1993; Nish-
imura et al. 1994; Ishigami et al. 1996). The protective effect of IFNY is
expressed in homologous but not in heterologous effector cells (Laskay and
Kiessling 1986).

One of the explanations for the protective effect is that the NK cells
recognize “self” and “foreign” due to the expression of MHC class I antigens,
which are usually decreased in malignant tumors. IFNY, by stimulating class
I MHC expression on tumor cells, makes them self and unrecognizable for
the NK/LAK cell immunological control. The conclusion was even drawn
that the sensitivity of target cells to lysis by NK/LAK is inversely propor-
tional to MHC class I expression (e.g., see Storkus et al. 1987).

This, however, does not always appear to hold true. For example, in
neuroblastoma cells, which show a low expression of MHC class I antigens,
IFNy induces these antigens and increases the lysis of the tumor cells by NK
(Handgretinger et al. 1989). In addition, a constant presence of IFNy has been
found to be necessary for the increased resistance, which is an indirect
argument against the role of MHC class I antigen expression (De Fries and
Golub 1988).

Other experiments also show that the mechanism of the IFNy-increased
tumor cell resistance is not related to the expression of MHC class I antigens.
Thus, K562 cells, which do not express these antigens, begin their expression
after treatment with IFNyand become resistant to lysis by NK cells. However,
if they are treated with anti-MHC class I antibodies, their sensitivity to lysis
by NK cells is not recovered. Also, spontaneously arisen subclones of K562
that cannot express MHC class I under the effect of [IFNy still become resistant
to NK lysis after treatment with this cytokine (Nishimura et al. 1994). Resis-
tance to LAK lysis is not due to disturbed binding between effector and
target cells; in the TALL-01 cell line (acute T-cell lymphatic leukemia) neither
IFNY (which suppresses lysis) nor granulocyte-macrophage colony-stimulat-
ing factor (GM-CSF) (which stimulates lysis) change the expression of surface
adhesion molecules (Cesano et al. 1993).

A strong argument against the role of MHC class I in this process are
experiments with transformed K562 cells containing a DNA vector express-
ing these antigens to the same extent as after treatment with IFNy. However,
the transformed cells did not become resistant to NK lysis (Maziarsz et al.
1990). Some investigators believe that the induction of soluble intercellular
adhesion molecules by IFNY could explain their increased resistance.

An attempt was made to explain the increased resistance by the reduced
Ca?* influx into the target cells treated with IFNy (Gronberb et al. 1989b).
Artificial activation of protein kinase C (PKC) with phorbol myristate acetate
(PMA) in the presence of Ca** recovers the defective sensitivity of the IFNy-
treated cells. The investigators believe that the Ca*"/calmodulin metabolic
pathway is involved in the induction of MHC class II by IFNy. In the HL-60
cell line calcium deprivation led to the lack of MHC class II induction by
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Figure 12.2 Effect of murine IFNy (ll) and of TNFo ([]) on experimental lung
metastases of carcinoma M109 injected intraperitoneally with the corresponding
cytokine 2 days before intravenous introduction of 5 x 10* tumor cells. Ordinates —
% of metastases inhibition. (According to data by Schultz and Altom 1990.)

IFNy (Koide et al. 1988). However, we have to admit that the mechanism
behind this process still remains unclear.

On the other hand, IFNY, by inducing the expression of MHC class I and
class II surface antigens, makes the tumor cells susceptible to the cytotoxic
activity of a number of other effector cells. To this effect, a role is also played
by the IFNy-induced expression of the intercellular adhesion molecule-1
(ICAM-I) necessary for the attack of the target tumor cells by the cytotoxic
effector cells.

IFNy also suppresses the abnormally high level of prostaglandin E2
(PgE2), which has a negative effect on NK/LAK cell activity by inhibiting
IFNY secretion by these cells and by other T lymphocytes (Ybarrondo et al.
1990). Therefore, the final result depends on the balance between the
decreased sensitivity of the tumor cells to the nonspecific NK lysis and all
other specific tumorocidal effects of the cytotoxic T lymphocytes due to the
MHC antigen expression. In in vivo experiments the balance was in favor of
the antitumor effect.

A cytostatic antitumor activity of the neutrophil leukocytes after their
treatment with IFNy has been also reported (Shalaby et al. 1985; Steinbeck
et al. 1986, 1989; Miyake et al. 1988; Livingston et al. 1989; Morrison et al.
1989; Cemerlic et al. 1991).

We should also draw attention to one more fact. Data from experiments
with mice show that the preoperative (neoadjuvant) application of IFNY is
more effective than its postoperative (adjuvant) application (Schultz and
Altom 1990) (Figure 12.2). Most probably this is due to the preliminary
activation of the effector cells to destroy tumor cells spread through the
circulatory system after the surgical removal of the tumor.

To stimulate the expression of tumor-specific surface antigens for the
purpose of immunotherapy with the corresponding antibodies. A number
of data show that IFNYy increases the expression of tumor-specific antigens
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that are not expressed on the surface of normal cells. This can be used for
the purpose of diagnosis and for immunotherapy with specific antibodies,
possibly coupled with toxins, and also for radioimmunotherapy. Examples
of increased expression of tumor-specific antigens under the effect of IFNy
are given elsewhere (Steplewski et al. 1985; Borden 1988; Gross et al. 1989b;
Marth et al. 1989a; O’Connell et al. 1989; Fuith et al. 1991; Fujisaki et al. 1993;
Mobus et al. 1993; Shimada et al 1993; Sivinski et al. 1993, 1995; Clark et al.
1994a; Greiner et al. 1994, 1996; Imbert-Marcille et al. 1994; Hinoda et al.
1997; Verhaar et al. 1999).

For adoptive immunotherapy by transfecting TIL with cytokine genes,
including that of IFNY. TIL transfected with IFNy are re-introduced into the
organism, which leads to expression of the cytokine within the tumor
invaded by the TIL cells. This method showed encouraging results for the
treatment of melanoma (see Section 12.6).

For transgenic immunotherapy through transfection of tumor cells
with cytokine genes, including IFNYy (for examples, see Sigal et al. 1990).
The genetically modified tumor cells introduced into the organism cause an
immune reaction against both the modified and the primary unmodified
tumors. It is strange that an antitumor and antimetastatic effect was observed
after transfection of tumor cells with IL-10 (Richter et al. 1993; Giovarelli
et al. 1995; Kundu et al. 1996), a cytokine which belongs to the Th2 group
and suppresses the Th1 cytokines. It is believed that this cytokine activates
the NK cells and the cytotoxicity of the peripheral mononuclear cells which
is not associated with MHC (Schwarz et al. 1994; Carson et al. 1995; Kundu
et al. 1996), but the mechanism of this type of transgenic immunotherapy is
not completely clear. The Th2 cytokines prevail in a number of malignant
tumors. There also are data that TIL produce IL-10. All suppress the Thl
cytokines and favor tumor growth. The effect may be associated with sup-
pression of the MHC class I antigens that helps NK cells recognize the tumor
cells as foreign. It is also possible that the effect is associated with induction
of an immune response against modified tumor cells.

For enhancing the graft-vs.-host disease (GVHD) through the induc-
tion of MHC class II antigens by IFNY. The introduction of autologous bone
marrow along with cyclosporine A leads to rejection of the graft by the host
and the reaction is enhanced by IFNYy due to the induction of MHC class 11
antigens. This also causes an antitumor reaction and rejection of the tumor
(Hess 1995).

To increase apoptosis induced by ligands of the Fas/APO1 receptor
(e.g., antibodies against this receptor) by increasing its expression, as has
been shown in malignant cells of the colon (Walther and Stein 1994; Stein
et al. 1996).

To overcome multidrug resistance (MDR) in some tumors through
suppression of the mdrl gene (Reddy et al. 1991; Moulton et al. 1993;
Efferth et al. 1996). Some multi-drug-resistant malignant lung cells
appeared to be even more sensitive to IFNy than the primary cell line (Jabbar
and Twentyman 1990).
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MDR is a resistance of cancer cells to a group of chemically and func-
tionally unrelated antitumor chemotherapeutics. It arises following treat-
ment of the tumor with any of these antitumor chemicals. It is due to
amplification or overexpression of a gene responsible for the synthesis of a
membrane glycoprotein (P-glycoprotein), which functions as an efflux
energy-dependent pump that removes toxic compounds from the cell.

We should mention that instead of IFNY, a different Th1 cytokine, IL-12,
which induces secretion of IFNY, also is used for treatment of malignant
tumors. Actually, IFNy plays a different role in different tumors. In the
ovarian cancer cell line OV-HM IFNy is necessary for T-cell migration into
the tumor mass, whereas in CSA1 cell line it ensures the cytotoxic effect of
TIL (Ogawa et al. 1998).

Examples of all of these possibilities are presented in the sections for the
different tumor types.

It should be stressed that the tumor cells develop mechanisms counter-
acting these antitumor reactions. For example, melanoma cells treated with
IFNy or with tumor necrosis factor oo (TNFa) increase their secretion of
soluble ICAM-I (sSICAM-I), which binds its ligand and hampers the contact
between effector and target cells. Thus, the immunological control is blocked.
The induction of sSICAM-I as a result of IFNy and TNFa may be one of the
mechanisms leading to resistance directed against NK/LAK (see Becker et
al. 1991; Dummer et al. 1994 and references therein). A study of sICAM-I
secretion in different malignant cells showed that the peripheral mononu-
clear cell and B lymphoblastoid cell lines do not secrete the soluble molecule.
In other malignant cells (melanoma M19, M26, Daudi, K562, SeAx, MyLa)
such a secretion is observed with or without treatment with IFNy or TNFa,
but these cytokines increase the secretion except for the SeAx cell line in
which IFNY suppresses it (Dummer et al. 1994). This shows the high hetero-
geneity of the tumor cell lines with regard to their defense against the lytic
activity of the effector cells and the differing effect of IFNY.

Tumor cells also release other soluble receptors, such as those of TNE,
which allows them to avoid its cytotoxic effect (Gatanaga et al. 1990), and
of the p55 chain of IL-2R, which inhibits LAK proliferation (Dummer et al.
1990). The serum concentration of such soluble molecules correlates with an
unfavorable prognosis (Nestle et al. 1990).

Another mechanism is the expression of the Fas ligand (FasL) on the
surface of melanoma cells, which allows them to cause apoptosis of TIL,
which express Fas on their surface (Hahne et al. 1996). The same has been
found in cancer cells of the mammary gland. Unlike normal cells, they
express FasL and lose expression of Fas (Muschen et al. 2000). Thus, the
cancer cells avoid the immune response.

Another problem associated with using cytokines for stimulation of
the cytotoxic activity of macrophages and other effector cells is the timing
of cytokine application — as adjuvant therapy following the surgical
removal of the tumor or as neoadjuvant therapy (preoperatively). The
second approach theoretically should have an advantage, because it would
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Figure 12.3 Percentage decrease (ordinates) of lung metastases after excision of the
transplanted tumor (day 0.0) depending on the day of treatment (abscissas) with
IFNy (l) or with TNFo. ((1). (According to data by Schultz and Altom 1990.)

prepare the tumoricidal leukocytes to attack loose and dispersed cancer
cells in the body, which can later develop into metastases. Experiments on
mice that developed lung metastases after elimination of the primary
tumor show the favorable effect of a pretreatment with IFNy (Schultz and
Altom 1990) (Figure 12.3).

12.2 Basocellular skin cancer (basalioma)

The basocellular carcinoma (BCC) is a benign tumor that as a rule and very
rarely shows invasive growth. It is surrounded by an infiltrate composed
mainly of T lymphocytes which very rarely infiltrate the tumor. A large part
of basalioma cells (93%) do not express ICAM-I and 73% do not express
leukocyte function antigen-3 (LFA-3). Lymphocyte adhesion is important for
the T-cell-dependent cellular immune reaction. This explains the lack of TIL
and therefore the lack of a cellular immune response. Lymphocyte adhesion
also depends on the binding of the antigens responsible for lymphocyte
function (LFA-1 and -2) with the corresponding ligands ICAM-I and LFA-3,
which are expressed on the surface of nonlymphoid cells. In basalioma cells
the expression of the IFNY receptor is also decreased. The expression of HLA
class I and II also is low. Following incubation with IFNYy in vitro in 85% of
the cases the BCC cells begin to express ICAM-I but to a lesser degree than
normal keratinocytes. A secretion of soluble ICAM-I, which decreases the
immune control, also is observed (Kooy et al. 1998). In some cases, induction
of HLA class I and Il was also found (Taylor et al. 1990; Kageshita et al. 1992).

This type of skin cancer is successfully treated by surgical removal, cryo-
surgery, electrosurgery, and chemosurgery. These methods lead to tissue
damage. The aggressive forms penetrate deep into the skin and require
surgical intervention that involves considerable tissue loss.
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There are data of a healing effect after injection of 0.01 mg (20,000 IU)
and 0.05 mg (100,000 IU) of recombinant IFNoa-2b into the lesion (Bottomley
and Keczkes 1991; Buechner 1991; Stenquist et al. 1992). There was 50%
healing with the high dose and 7% with the low dose (Edwards et al. 1990).
In a different study the low doses did not have an effect (Tank et al. 1989).
We could not find data on the clinical application of IFNY.

12.3  Cancer of the larynx

The few data that we have found on this type of cancer with regard to IFNy
show that immunosuppression is observed even at its earliest stages, which
can be counteracted with H2 histamine antagonists. In experiments with
tonsil lymphocytes, histamine suppresses the production of IFNYy to 2% of
control levels without affecting LAK activity (Richtsmeier et al. 1987). In
later stages of laryngeal carcinoma IFNY is not found in the blood (Beatrice
et al. 1987).

These data justify the testing of the effect of IFNYy on this type of cancer.

12.4 Lung cancer

The alveolar macrophages activated by IFNYy, produced by T helper cells
after their interaction with the autologous cancer cells, are the immune
effector cells that are responsible for the defense against lung cancer. We
should also mention data showing that the normal lymphocytes of the lung
exhibit a very low NK activity as compared to blood lymphocytes. This
seems to be due to local inhibitory factors (Robinson et al. 1984).

In lung cancer patients the cytostatic function of the alveolar macro-
phages is also suppressed, which is an expression of a general decrease of
the immune response due to a defect in IFNy production by T lymphocytes.
Under the effect of IFNY, this function is considerably increased and reaches
the same level as that in healthy people (McDonald and Atkins 1990). This
is also confirmed by the fact that immunocompetent cells from patients with
small-cell lung cancer or with non-small-cell metastatic carcinoma stimu-
lated with mitogens secrete considerably less IFNy, IL-2, and TNFo as com-
pared to healthy individuals. The secretion of these cytokines is considerably
improved after the tumor load is decreased following successful therapy
(Fischer et al. 1995). There is also a report that the decreased tumoricidal
function of the alveolar macrophages in patients with non-small-cell cancer
remains unaffected by IFNY (Siziopikou et al. 1991).

In small-cell lung cancer the cancer cells show a defect in antigen
processing due to the low expression of HLA class I, which can be due in
part to the decreased synthesis of TAP-1 and TAP-2 (Fisk et al. 1994).
Following transfection of the cancer cells with IFNY, the expression of HLA
is increased (Traversari et al. 1997). However, IFNYy does not induce HLA
class I in multi-drug-resistant cancer cell lines of this type (Colle et al. 1991).
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Surface differentiation antigens are also induced under the effect of IFNYy
(Ruff et al. 1986).

The mononuclear cells of patients with primary lung cancer show a
lower cytotoxic activity than that in healthy people. This activity is normal-
ized after treatment with IL-12, which induces IFNY secretion by mono-
nuclear cells (Haku et al. 1997). The same occurs following treatment of
lymphocytes from lung cancer patients with IFNy and IL-2 (Papamichail and
Baxevanis 1992). The monocytes of such patients also produce less oxygen
radicals as compared to the mononuclear cells of healthy individuals, which
is also associated with their decreased cytocidal activity. The level of oxygen
radicals produced by these cells and by alveolar macrophages reaches
physiological levels under the effect of IFNYy, IL-2, and IFNa (Tohda et al.
1996). IFNY also increases the expression of the carcinoembryonic antigen
(CEA) on the cell surface, something which also occurs during chemo-
therapy, where both factors act synergistically (Takahashi et al. 1995).

Experiments on lung cancer cell lines have also shown the antitumor
effect of IFNYy. This cytokine suppresses the growth of the small-cell lung
metastastatic carcinoma human cell line H460 implanted in athymic mice
and increases their survival rate (An et al. 1996). IFNy also showed a local
antitumor effect after it was administered in the pleural cavity during pleural
efusion of lung cancer patients (Yanagawa et al. 1997).

Highly metastatic tumors in mice do not express the apoptosis mediator
death-associated protein-kinase (DAP-kinase) (a Ca?/calmodulin-dependent
enzyme) as opposed to low metastatic tumors. IFNY restores the DAP-kinase
to its normal level in the highly metastatic Lewis carcinoma and suppresses
the formation of metastases (Inbal et al. 1997). The angiostatic factor IP-10,
which inhibits the growth and metastasis of the small-cell lung cancer, is also
induced by IFNYy (Arenberg et al. 1996).

Small-cell lung cancer cells do not express ICAM-I, which is important
for cancer cell binding to LAK cells. IFNy induces ICAM-I expression in this
carcinoma (Melis et al. 1996) and also in the alveolar macrophages (Fattal-
German et al. 1996).

It has been shown in experiments with mice that the Lewis carcinoma
induces bone marrow cells to exert a suppressor activity on T cells and
macrophages. Low doses of IFNy and TNFo eliminate this activity and
decrease lung metastases (Young and Wright 1992). In the same type of cancer
cell line implanted in mice the effect of IFNY was increased in combination
with LPS (Nagao et al. 1986). In the lung cancer cell line A549 experiments
with IFNYy have shown that cancer cells die by apoptosis, showing the DNA
fragmentation pattern typical of this type of death (Oh et al. 1996). Experi-
ments with the mouse lung cancer cell line M109 showed a stronger growth-
inhibiting effect of IFNy as compared to TNFa (see Figure 12.2).

It has also been found that IFNY activates NO production and the cyto-
toxicity of alveolar macrophages obtained by lavage of lung cancer patients.
Heterogeneity with regard to the cytokine profile of the alveolar macro-
phages has been established in lung cancer patients. In some patients the
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cytotoxicity of these macrophages was increased under the effect of IFNy
(IFNy-dependent cytotoxicity). In other patients the macrophages normally
exhibited cytotoxicity (IFNy-independent cytotoxicity). In both cases the
cytotoxicity was partially blocked by antibodies against TNFo. and by inhib-
itors of NO production and was completely blocked by the combination of
both factors (Yoshimatsu et al. 1996).

Incubation of the human non-small-cell cancer cell line with IFNy led to
squamous differentiation due to the induction of transglutaminase, a cross-
linking enzyme. This also resulted in inhibition of cell proliferation (Kane et
al. 1992). In the same type of cancer, suppression of proliferation was associ-
ated with induction of surface differentiation antigens (Ruff et al. 1986). It
has also been shown that the angiogenic chemokines are not compensated
for by the IFNy-induced angiostatic chemokine MIG (membrane-bound
immunoglobulin) (see p. 141). The overexpression of MIG by recombinant
DNA approaches led to inhibition of cancer growth caused by the suppressed
angiogenesis (Addison et al. 2000).

A synergistic effect of the combination of IFNy with TNFP (Shiiki et al.
1990b) or with TNFa (Shiiki et al. 1989) was found in the PC10 cell line.

Statistical analysis of the connection between laboratory data and favor-
able survival prognosis showed that an indicator of a favorable outcome is
neopterin in the urine, which is produced by monocytes/macrophages
under the effect of IFNy (Kronberger et al. 1995).

These and other similar experiments supported the conduction of clinical
trials involving the treatment of primary lung cancer with IFNy (for lung
metastases of other tumors, see the sections concerning the corresponding
tumor types). Regretfully, even the earliest preliminary results did not meet
the expectations. For small-cell lung cancer, the application of 1 mg/m? of
recombinant IFNy daily for 5 days followed by 0.5 mg/m? three times a week
for 3 weeks was ineffective (Newman et al. 1987).

In clinical trials it was shown that IFNY was not active in small-cell lung
cancer even when the tumor load is decreased or eliminated by chemo-
therapy (Jett et al. 1994; Bitran et al. 1995; van Zandwijk et al. 1997). Daily
treatment with 4 x 10° IU subcutanously for 5 months was unsuccessful. A
combination of IFNY, IFNo, and chemotherapy was not effective for treat-
ment of non-small-cell lung cancer (Halme et al. 1994b), although there are
some reports of some effect for small-cell lung cancer following chemo-
therapy (Bitran et al. 1990). Patients who respond well to chemotherapy
subsequently die within 2 years as a result of the emergence of resistant
tumors. Attempts to apply supporting IFNYy therapy in such cases (0.2 mg
subcutaneously — approximately 4 X 10° units) resulted in a strong activation
of the monocytes (increased expression of HLA-DR and of Fc receptors), but
there was no activation of the T cells (Pujol et al. 1993).

The combination of IFNY (2 mg intravenously) and IFN (30 x 10° units)
was also ineffective (Chachoua et al. 1990). IFNy in combination with chemo-
therapy had some effect in small-cell lung carcinoma (Bitran et al. 1990; Zabel
et al. 1990).
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Combination therapy with IFNy, cisplatin, and etoposide in advanced
cases of non-small-cell lung cancer resulted in partial remission in 7%, a weak
response in 28%, and disease progression in 62% of the cases. The average
survival time was 7 months, and in 40% it was 1 year (Pirker et al. 1994).

IFNY was applied in a 2-mg/m? dose three times a week for 12 weeks in
combination with chemotherapy and radiotherapy for nonoperable
non-small-cell lung carcinoma. Of ten patients, two recovered completely, five
partially, and the state of three was stabilized. Of these three patients following
chemotherapy, one had a partial response, one was stabilized, and the disease
progressed in the last patient. The conclusion of the investigators is that high
doses of IFNy may be effective in non—-small-cell lung cancer with a possibility
for subsequent conventional therapy (Mattson et al. 1991). However, we have
to pay attention to the fact that the combination of IFNy and exposure to
ionizing radiation is dangerous, because IFNyincreases the sensitivity to radia-
tion not only of the tumor cells, but also of the normal lung cells. This
combination led to the development of severe pneumonitis, sometimes with
a fatal result, and therefore is not recommended (Shaw et al. 1995). In patients
with small-cell lung cancer the application of IFNYy (4 x 10¢ IU, approximately
0.2 mg, subcutaneously every other day) following chemotherapy and radio-
therapy did not lead to increased survival (van Zandwijk et al. 1997).

What could be the reasons for the unsuccessful clinical trials given the
proven antitumor activities of IFNY? As the conducted clinical trials have
shown, the tumor load, which is in itself an important factor, has been
excluded in this case.

In the first place, we have to ask the question of whether IFNYy reaches the
target malignant tissue. A number of experiments show that IFNy cannot reach
the lung alveoli from the blood stream (Halme et al. 1994a, 1995; Kawata et al.
1994; Kessler et al. 1994; Yano et al. 1994; Mizutani et al. 1996; 1997). It has
been shown in humans that only IFNyinhaled as an aerosol effectively reaches
the alveoli (Martin et al. 1993b). Parenterally administered IFNy does not reach
the alveoli, and conversely IFNy inhaled in the lung is not found in the blood
(Jaffe et al. 1991; Halme et al. 1995), which shows the presence of a barrier for
IFNY between the lung and the blood stream. This was possibly the reason for
using parenterally high doses. Following inhalation of 0.6 mg of IFNY, it was
found in the bronchoalveolar lavage after 3 hours (Halme et al. 1995).

This method of administration produced some healing effect for
metastases of kidney carcinoma (Kawata et al. 1994). In mice with implanted
Lewis carcinoma (3LL) IFNy applied as an aerosol suppressed the formation
of metastases in 50% of the animals and increased survival, although in vitro
it did not exert a direct antitumor effect on the 3LL cells. The macrophages,
however, exerted a strong antiproliferative effect on these cells (Kessler et
al. 1994). In one case of bronchoalveolar carcinoma the inhalation of IFNy
led to stabilization of the disease for more than a year accompanied by high
cytostatic activity of the macrophages (Yano et al. 1994). However, there are
data that the result after aerosolic administration depends on the localization
of the tumor and is not effective for tumors in the lung periphery.
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Second, we have to mention that sometimes the malignancy is associated
with mutations which disrupt the metabolic pathway of IFNY to the nucleus.
This can be due to inactivation of the interferon receptor or at downstream
steps in the metabolic pathway. For example, cultured bronchial epithelium
cells respond to the immunomodulatory, growth-inhibiting, and differenti-
ation-inducing effects of IFNY, as opposed to some lung carcinoma cell lines
that are not sensitive (Saunders et al. 1994). Also, IFNy induces NO pro-
duction in normal lung epithelium cell lines but not in malignantly trans-
formed cell lines (Thompson et al. 1998). Thus, the disrupted signaling
pathways create tumors resistant to IFNY. It has to be taken into consider-
ation that the small-cell lung cancer, for example, is represented by hetero-
geneous cell lines with different sensitivities to IFNYy, IFNo, and TNFo
(Suarez-Pestana et al. 1996), which are probably due to various disturbances
of the metabolic pathways.

An anergic state of the organism could be another reason. For example,
IFNY increases the phagocytic and bacteriocidal activities of the alveolar
macrophages of tuberculin-positive patients with lung cancer and tubercu-
losis. However, in anergic, tuberculin-negative patients, this cytokine did
not have an effect (Kawatsu et al. 1991).

When cytokines are used for treatment of patients with lung cancer, it
is important to know whether the cancer cells have the target molecules that
are recognized and attacked by the cytotoxic T lymphocytes (CTL). Such
molecules in lung cancer are p21 (ras), MAGE 1, MUC 1 (Yasumoto 1995).

The common opinion is that the parenteral administration of IFNY for
treatment of lung cancer produced unsatisfactory results, mainly because of
the low permeability of the blood-lung barrier for IFNY. From this point of
view, the inhalation route of administration is more promising, but the
denaturing effect of aerosolization should be considered (see Chapter 8).

12.5 Colorectal cancer

Experimental studies on CD4+ T cells from patients with colorectal cancer
led to the conclusion of a disturbed regulation between the Thl and Th2
populations with an expansion of the Th2 and suppression of Th1 function,
which is increased with tumor progression (Pellegrini et al. 1996). Disturbed
cytokine production was found in blood cell cultures from patients with
colorectal cancer as compared to healthy controls and patients with benign
colorectal tumors (Elsasser-Beile et al. 1992).

It has been found that the serum of patients with colorectal cancer
contains substances that suppress IFNY synthesis by peripheral mononuclear
cells stimulated with PHA (Muster-Bloy et al. 1996).

The endogenous IFNYin the tissue of the colorectal carcinoma is elevated
as compared to its levels in the surrounding normal tissues and decreases
with tumor progression. The production of this cytokine by CD4+ T cells is
a manifestation of the antitumor immune response (Numata 1992). It has
also been shown that in colorectal tumors HLA-DR induction by IFNy is
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associated with less advanced stages, whereas in advanced cases this expres-
sion is lacking (Matsushita et al. 1996).

It appears that IFNy does not exert a direct antiproliferative effect in this
type of carcinoma. This could be the possible reason for the ineffectiveness
of the TIL, which produce normal quantities of IFNY in this type of cancer
(Bateman et al. 1995). In in vitro experiments with eight different colorectal
carcinoma cell lines it had an effect on only one of them, whereas IFNo did
not have any effect, and IFNJ affected all of them (Wong et al. 1989). The
reason why in some cases the direct antiproliferative effect of [IFNyis absent
has not been elucidated. For example, rat intestinal epithelial cells immor-
talized by the E1A and T antigens are very sensitive to the direct antiprolif-
erative effect of IFNybut become insensitive after they are transformed with
the human oncogene Ha-ras (Emami et al. 1990). Colon cancer cell lines
appeared to be sensitive to the antiproliferative effect of IFNY, since a direct
effect was exhibited in five of seven cell lines and in three primary tumors
(Pfuzenmaier et al. 1985).

In general, the colorectal tumors show high heterogeneity with regard
to the effect of IFNY and other cytokines, which is manifested both at the
cellular level in the same tumor and in different tumors (Morikawa and
Fidler 1989). It appears that if IFNY has an effect in this type of cancer, this
effect should be indirect, accomplished by the effector cells. Experiments
with a mouse colon adenocarcinoma cell line revealed that the direct pre-
liminary treatment of the cancer cells with IFNYy led to increased metastases
(Hirano et al. 1996Db).

The cytotoxic effect, specifically apoptosis, caused by monoclonal anti-
bodies is also increased by IFNY (Reali et al. 1994; Takamuku et al. 1996).
In normal colon epithelium the apoptotic antigen Fas is constitutively
expressed, but in colorectal carcinomas it is considerably decreased, such
that anti-Fas antibodies do not induce apoptosis (experiments with the
COLO201 cell line). Treatment with IFNy (or with TNFa) increases Fas
expression and the sensitivity to anti-Fas apoptosis (Koshiji et al. 1999). It
was shown that IFNy also induces ICAM-I expression in the DLD-1 cell line
(Das et al. 1993).

The number of monocytes expressing the HLA-DR+ antigen is reduced
in patients with this type of cancer. Treatment with IFNY increases this
antigen to the levels found in healthy individuals (Novellino et al. 2000).

Although all these data support the role of IFNY in the immune response
of the organism against colorectal carcinoma, clinical trials with this cytokine
did not produce the expected results (O’Connell et al. 1989; Brown et al.
1991b). An intravenous infusion of IFNY for 2 or 24 hours in such patients
did not produce an antitumor effect, but this method of administration is
not optimal.

The lack of results with the use of IFNy alone led to experiments with
different combinations.

Interesting results were obtained from experiments with IFNy in com-
bination with 5-fluorouracil (5-FU). This combination showed a synergistic
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antitumor effect in a number of colorectal carcinoma cell lines (Maas et al.
1991). All three types of interferon increased the cytotoxicity of 5-FU (Wadler
et al. 1990). It has been shown that this combination leads to apoptosis of
the cancer cells. In the COLO201 colorectal cancer cell line the apoptosis
caused by this combination is due to the suppressed expression of the anti-
apoptotic gene Bcl-2 and the activation of the apoptotic gene Bax. Adminis-
tration of 5-FU alone led to the induction of a protease which blocks apop-
tosis (Koshiji et al. 1997). Also, in the H630 cell line 5-FU increased severalfold
the expression of thymidylate-synthetase, whereas in the presence of IFNy
this effect was suppressed (Chu et al. 1993b). These data support the clinical
use of 5-FU in combination with IFNy (Pavlidis et al. 1996; Grem et al. 1997).
Of 34 patients with advanced metastatic colorectal carcinoma, 1 patient
recovered completely, 3 partially, and 11 were stabilized (Pavlidis et al. 1996).
Clinical trials were also conducted using a combination of IFNy and TNF,
but it was not particularly effective (Fiedler et al. 1991).

IFNy and IL-1 in combination had an additive antitumor effect, as IL-1
increased the number of interferon receptors (Raitano and Kore 1993).

IFNYin combination with TNFp (Shiiki et al. 1990b) or with TNFo (Shiiki
et al. 1989) had a synergistic antitumor effect on the colon cancer cell line
RPMI4788. Synergism between IFNy and TNF was also observed in other
colon cancer cell lines (Schiller et al. 1990c). However, the clinical trials
involving the combination of IFNY and TNF were discontinued due to high
toxicity before an effect was observed (Abbruzzese et al. 1990).

In three colorectal carcinoma cell lines the combination of IFNy, TNF,
and 5-FU had a strong antitumor effect in vitro (Schiller and Bitner 1990).
Ahigh percentage of remissions, 48%, was obtained in 30 patients treated
with the complex combination of IFNY, IFNB, 5-FU, carboplatin, and mito-
mycin C (Klein et al. 1991a).

Monocytes/macrophages activated with IFNyshow increased antitumor
activity in in vitro experiments. This supported the application of the so-
called adoptive immunotherapy for patients affected by this type of cancer.
Autologous macrophages activated in vitro with IFNy and LPS were infused
intravenously. Stabilization was observed in 1 of 9 patients (Hennemann et
al. 1998). In another clinical trial with macrophages activated with IFNy only,
stabilization was observed in 3 of 14 patients (Eymard et al. 1996). We have
to point out that, although activated, the macrophages probably could not
eliminate the large tumor load in these cases.

There are data showing that IL-1a, IFNa, and IFNyinduce the expression
of the thymidine phosphorylase in colorectal cancer cells, and this is an
enzyme associated with angiogenesis (Iwagaki et al. 1995; Takebayashi et al.
1995, 1996), a factor that facilitates tumor growth (see p. 36).

In vitro IFNy and dsRNA in combination had a synergistic effect
(Chapekar and Glazer 1985, 1996).

It has been shown that IFNYy increased the expression of carcino-
embryonic antigens in colorectal carcinoma (Toth and Thomas 1990; Dansky-
Ullmann et al. 1995; Hinodo et al. 1997), which opens a possibility of its
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being used in diagnostics and in therapy with monoclonal antibodies. IFNy
had the strongest effect on the expression of such antigens in moderately
diferentiated colorectal tumors, whereas in highly or poorly differentiated
tumors it was ineffective (Guadagni et al. 1990).

12.6 Malignant melanoma

The prognosis for malignant melanoma is very poor even with the modern
therapy. In stage I of the disease (tumor depth < 1.5 mm) a wide excision
leads to a 10-year cure rate in 85% of patients. When the depth is more than
4 mm, 50% of patients experience recurrence, those with metastases in the
regional lymph nodes (stage III) 60 to 85%, and patients with metastases at
distant sites 95%, which is associated with the worst prognosis (Barth and
Morton 1995).

The cells of the malignant melanoma express many growth factors —
bFGF, TGFo, PDGE melanoma growth-stimulating activity (MGSA) — and
also some of their receptors (for bFGF and MGSA), which leads to constant
stimulation of cell proliferation (autocrine growth stimulation). Taking into
consideration the effect of different cytokines, it can be seen that the regu-
lation of cell growth in melanoma is a very complex network of growth
factors and other cytokines that interact with each other (for review, see
Krasagakis et al. 1993). A new gene was cloned recently, a member of the
interferon-induced family of genes, which controls tumorigenesis in one
model of melanoma (De Young et al. 1997).

During the last 15 years the effect of IFNy and of its combination with
other cytokines or with chemotherapy has been studied on melanoma cells
in vitro, in mouse models of melanoma, and in patients in clinical trials.

A detailed study of melanoma patients showed that IFNY increases the
CD4+/CD8+ ratio, the HLA-DR, and HLA-DQ antigens, and the activity of
the NK cells (Kirkwood et al. 1991, 1997). The supernatants of cultured
melanoma tumors that react to therapy contain Thl-type cytokines (IFNy,
IL-2, IL-12) and those of progressing tumors — Th2-type cytokines (IL-10)
(Enk et al. 1997; Okamoto et al. 1997; Vile et al. 1997). Also, increased Thl
cytokine mRNA was found in spontaneously regressing melanomas. Such
tumors were infiltrated by a large number of CD4+ T cells. With regard to
the Th2 cytokines, no difference was found between regressing and progress-
ing melanomas. These data show that the CD4+ T cells lead to tumor regres-
sion caused by the secretion of Thl cytokines (Lowes et al. 1997).

The early TIL play a defensive antitumor role, and according to some
data are of critical importance for the generation of specific antitumor CD8+
cytotoxic lymphocytes (Kurosawa et al. 1995) and also for inducing NO
production by IFNy-activated macrophages (Abe et al. 1998).

IFNY also increases the expression of ICAM-I — for the role of this
molecule, see a review elsewhere (van de Stolpe and van der Saag 1996) —
and activates the tumoricidal activity of the macrophages. ICAM-I expres-
sion is synergistically increased by a combination of IFNy and TNFo (Jahnke
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and Johnson 1995). Whereas in human melanoma cell lines IFNy and TNFo.
lead to a clearly expressed increase in ICAM-I, in the mouse cell lines B16-
F1 and F10 such an increase was not observed (Nakayama et al. 1997). IFNy
also increases the cytotoxic activity of peripheral monocytes and NK cells
against freshly isolated melanoma cells (Itoh et al. 1985, 1987). In the human
A375 melanoma it was shown that the interferons (y and o) exerted their
tumoricidal activity by a direct effect on the melanoma cells as well as by
increasing the cytolytic properties of the monocytes (Gerrard et al. 1989; Webb
and Gerrard 1990). The ability of LAK to lyse melanoma cells is increased by
the synergistic action of IFNyand IL-2 (Kaufmann et al. 1991). The significance
of the successive or simultaneous treatment of LAK and B16 melanoma cells
with IFNy and IL-2 was also studied. With both procedures the cytotoxicity
of the LAK and the sensitivity of the melanoma cells to lysis were increased,
but simultaneous application produced better results (Lee et al. 1992).

Secretion of the growth-regulated oncogene (GROw) cytokine, a glyco-
protein which is a chemoattractant for CD4+ and CD8+ T lymphocytes, is
stimulated by IFNy and TNFa and is suppressed by the Th2 cytokines IL-4,
IL-10, and IL-13 (Jinquan et al. 1995).

Suppression of melanoma cell proliferation by IFNy was observed a long
time ago (Saito et al. 1986). IFNY inhibits the expression of cellular oncogenes
in melanoma cells. In the Cmel 453A melanoma cell line it inhibits c-myc,
where this oncogene is overexpressed. Inhibition of c-myc precedes the
blockade on cell proliferation (Osanto et al. 1992). In the melanoma cell line
Colo38 it inhibits the Ha-ras1 oncogene, which also leads to suppression of
proliferation (Giacomini et al. 1990). In some melanoma cell lines IFNy
suppressed the expression of the epidermal growth factor (EGF) receptors.
This, however, did not affect cell proliferation (Worm et al. 1995).

A direct antiproliferative effect on melanomas has been shown for all
interferons. Some investigators find that IFNy is most active, whereas others
find IFNB to be more active. The effect is mostly cytostatic (for review, see
Garbe and Krasagakis 1993). With regard to HLA class I antigen expression
in the M14 melanoma cell line, the interferons are arranged as follows accord-
ing to their activity: IFNy>IFNB>IFNo (Lanza et al. 1995). In the SK-MEL-118
melanoma cell line IFNy and IFNP showed a higher antitumor effect than
IFNo, whereas IFNPB was more active than IFNy (Horikoshi et al. 1995). In
highly metastatic melanoma of the uvea (clones Mel 202 and 92.1) IFNy
inhibited the growth of clone 92.1 only, and IFNP inhibited both clones
(de Waard-Siebinga et al. 1995). IFNy and IFNf in combination exerted a
synergistic antiproliferative effect on the melanoma cell line SK-MEL28
(Gomi et al. 1986).

These data show how different can be the in vitro effect of the individual
interferons on different melanoma clones. The difference between the direct
effect of IFNYy in vitro and its effect in vivo has to be taken into consideration.
All three human melanoma cell lines, G-368, HT-144, and SK-MEL-3, were
found to be sensitive to IFNY in vitro, but only the SK-MEL-3 cell line reacted
with growth inhibition in vivo (Trotta and Harrison 1987).
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IFNY also induces apoptosis in melanoma cells. In B16 melanoma it
strongly increases the expression of the surface antigens Fas (CD95) and its
ligand FasL (CD95L), which irreversibly programs the cells for apoptotic
death, and at the same time it stimulates their lysis by cytotoxic T lympho-
cytes (Bohm et al. 1998). In the nonmetastatic melanoma cell line K 1735 the
apoptosis induced by NO is associated with suppression of the antiapoptotic
gene Bcl-2. In the metastatic cell line IFNy does not induce NO, does not
suppress this gene, and does not cause apoptosis (Xie et al. 1996, 1997).

In experiments in vitro IFNY also increased the sensitivity of melanoma
cells to ionizing radiation, but did not affect the normal skin fibroblasts. This
can be explained by the delayed DNA repair caused by the combined effect
of IFNY and radiation (Kwok et al. 1991; Krajcik et al. 1993). The same effect
was also observed in vivo upon increasing by 2°C the body temperature of
mice with melanoma B16 (Anjum and Fleischmann 1992).

The combination of IFNy and IFNB suppressed in vitro the growth of the
melanoma cell line HO-1, but this was not associated with increased differ-
entiation (increased melanin synthesis and changes in antigen expression)
(Graham et al. 1991).

Some investigators report that treatment of melanoma cells with IFNy
in vitro increases their invasive and metastatic capacity after their implanta-
tion in mice. In the first place, this appears to be dependent on the type of
melanoma cell line, because the effect was observed in melanoma B16 but
not in the B78H1 cell line, whose growth was suppressed. Apart from this,
the effect on B16 decreases with increasing doses of interferon (Lollini et al.
1990). Transfection of melanoma cells with IFNY led to suppression of tumor
growth, but also to increased metastatic activity (Lollini et al. 1993). In a
different highly mestastatic human cell line, C8161, IFNY decreased its inva-
sive properties and induced HLA-DR, which are not expressed in this line
(Winters et al. 1990).

The metastasis-increasing effect of IFNY in some melanoma cell lines at
certain doses can be explained with increased expression of HLA class I
antigens, which are responsible for NK cell reaction. The lack of these anti-
gens on melanoma cells leads to their recognition as “foreign” and their
attack by NK cells, whereas the recovery of antigen expression by the inter-
feron makes them “self” and they avoid the elimination by these cells (Zoller
et al. 1988; Garbe et al. 1990; Lollini et al. 1990; Garbe and Krasagakis 1993).
(For other explanations, see Section 12.1.)

The increased invasive capacity of some melanoma strains (e.g., A2058)
caused by IFNy and IFNa could be due to the stimulation of collagenase IV
(a metalloproteinase which degrades the basal membrane), and to stimula-
tion of chemotaxis-migration of the melanoma cells toward laminin and
their increased adhesive ability. However, all of these activities were sup-
pressed upon a continuous (for 7 days) interferon application (Hujanen and
Turpeenniemi 1991), which suppressed the invasiveness.

On the other hand, IFNY increases the tumoricidal activity of the macro-
phages, increases ICAM-I expression, and increases the lytic activity of TIL,
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activities which determine the final effect in vivo. For example, human IFNy
inhibits in vivo metastases of the human melanoma cell line Dx3-azak
implanted in athymic mice and considerably prolongs their life (Ramani and
Balkwill 1988). Also, in a different human melanoma cell line, SK-MEL-118,
IFNY had an inhibitory effect on growth accompanied by an anti-invasive
effect in experiments with artificial membranes (Horikoshi et al. 1995).

In experiments on human xenografts in athymic mice, IFNy and TNFa
in combination suppressed the growth of the C5513 melanoma cell line
(Gridley et al. 1989). In the mouse B16-BL6 melanoma the formation of
metastases was similarly suppressed by IFNYy, and it had a synergistic effect
with TNFa (Sylvester et al. 1990). In the same model the therapeutic effect
correlated with the specific activity of the cytotoxic T lymphocytes and
with the tumoricidal activity of the lung parenchymal mononuclear cells
but not with that of the alveolar macrophages. (The latter could be
explained with the poor penetration of parenterally administered IFNyinto
the alveoli; see Chapter 8, Section 8.4.) A correlation with LAK activity was
not found (Black et al. 1988a).

IFNy and IL-2 in combination synergistically increase the antitumor
activity of NK cells (Brunda and Davatelis 1985). In mice with subcutaneous
or intraperitoneal B16 melanoma, IFNy and IL-2 injected around the tumor
in the first case and intraperitoneally in the second led to complete remission
in 87 and 81% of animals, respectively. Separately, the two cytokines led to
elimination of the tumors in 59% (IL-2) and 53% (IFNY) of the mice with
subcutaneous melanoma and in 17 and 29%, respectively, for tumors with
intraperitoneal localization. It is interesting to note that the lower doses of
IFNY were more active. The local application was more effective than the
systemic one (Silagi et al. 1988). The combination of IFNy and IFNf in mice
with B16 melanoma exhibited a stronger antitumor effect without increasing
the myelosuppression (Naldini and Fleischmann 1987).

Considering all of these data, what are the results of the clinical trials
on the treatment of malignant melanoma with IFNy? Such trials started as
early as 1985, and different doses and routes of administration were used.
In general, the clinical trials with IFNYy did not produce the expected results,
as the effect was minimal (e.g., see Creagan et al. 1987; Landthaler and Braun
1987; Steiner et al. 1987; Meyskens et al. 1991). The result of one trial was a
23.5% response in 17 patients with metastatic melanoma (Haase et al. 1987).
Patients with high-risk melanoma received IFNy or levamisole and there was
no difference in survival or recurrences during 1 year (Osoba et al. 1993).

The lack of a satisfactory result with the application of IFNYy alone led
to trials with its combinations with other cytokines and chemostatics.

The use of IFNy and IFNo in combination is justified considering that
they have different receptors and different metabolic pathways for their
cytostatic activity. There are data that in the B16 melanoma IFNY exerts its
effect by inducing p53, whereas IFNa acts by inducing the gene of a cyclin-
dependent kinase inhibitor (Arany et al. 1997). However, the IFNy/IFNo
combination did not produce the expected effect (Osanto et al. 1989), and
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the same applies to IFNy in combination with IFNf (Schiller et al. 1988b;
Kowalzick et al. 1990) and with TNFo (Retsas et al. 1989; Selby 1990; Smith
etal. 1991). Treatment with IFNy and IL-2 in combination resulted in a partial
remission of 4 months in one of seven patients (Taylor et al. 1990). In another
clinical trial with 20 patients there was one partial remission for 7 months
and one complete remission for 1 year (Kim et al. 1996). Also, in other clinical
trials this combination had only a partial effect in a small number of mela-
noma patients (Margolin et al. 1992; Taylor et al. 1992).

A combination of IFNy, TNFa, and M-CSF was proposed, because it
showed an increased antitumor effect in mouse melanoma (Lasek et al. 1995).

Comparative experiments with IFNyand IFNo have shown that in mela-
noma patients IFNo was more active (Steiner et al. 1987; Creagan et al. 1988,
1990). According to a review on the results of all clinical trials up to 1993,
the most promising combination was that of cytokines (especially IFNo and
IL-2) and chemotherapy (Parkinson 1993). For the clinical application of
IFNo in malignant melanomas see elsewhere (Agarwala and Kirkwood 1996;
Cole et al. 1996; Grob et al. 1996; Kirkwood et al. 1996; Punt et al. 1998).
At present, the usefulness of IFNy in melanoma is not completely clear and
the advantage is given to IFNo and to IFNY for locoregional therapy. Accord-
ing to some investigators, the optimal immunologically active dose of IFNy
is 0.1 mg/m? applied subcutaneously every day (Maluish et al. 1988).

For treatment of metastases with low tumor load (following chemotherapy
and radiotherapy), intravenous administration of liposomal IFNy was sug-
gested for elimination by activated macropahges of disseminated cancer cells
(Fidler 1990).

New studies on the metabolic pathways of the interferons show in a
new light the possibilities for application of IFNy and IFNa: in combination.
In order to stimulate certain genes (interferon-stimulated genes, ISG) the
interferons induce the gene factor 3 (ISGF-3). The components of this factor
(STAT-1, STAT-2, and p48-ISGFy) are phosphorylated in order to form a
complex, which is transported into the nucleus and activates the corre-
sponding genes (see Chapter 4). The sensitivity of melanoma cells to type I
interferons (o and B) correlates directly with the concentration of ISGF-3
and more specifically with STAT-1. The preliminary treatment of resistant
melanoma cell lines with IFNy (IFNy priming) prior to their treatment with
IFNo or IFNP increases the level of ISGF-3 components and facilitates gene
activation through their binding to the corresponding DNA control
sequences. Thus, IFNY increases the gene products induced by type I inter-
ferons, including, for example, the 2’-5"-oligoadenylate synthetase, the HLA
class I antigens, the B7 molecules, and ICAM-I (Wong et al. 1998). In addi-
tion, it has been shown that IFNy induces the A and B receptors of TNFa
(Carrel et al. 1995).

All these data justify future trials with successive therapy for resistant
melanomas with optimal priming doses of IFNy and further treatment with
IFNo or IFNB and chemotherapy.
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A systematic investigation of the antiproliferative effect of eight chemo-
therapeutics (bleomycin, dacarbazine [DTIC], doxorubicin, cisplatin, carbo-
platin, 5-FU, vindesine, and fotemustine) after preliminary treatment of four
human melanoma cell lines with the three types of interferon has shown
that the high resistance of melanoma cells to chemotherapeutics is not influ-
enced by the interferons. However, there was an additive effect, since IFNf
and IFNY in these experiments had a stronger effect than IFNo. (Schadendorf
et al. 1994). In the melanoma MmB16 subclone implanted in mice IFNy and
TNFo. in combination showed an increased antitumor effect upon the addi-
tion of actinomycin D (Lasek et al. 1996).

Promising results were reported for inoperable melanomas of the limbs
following isolated perfusion of the limb with a combination of IFNy, TNFa,
and melfalan, as the antitumor effect was increased by IFNy (Noga and Hess
1991; Noga et al. 1992). There was a complete response in 80 to 90% even in
close to 100% of patients, which prolonged the life of the limb. However, the
remission was not long-lasting (Eggermont et al. 1992; Lienard et al. 1992a,b,
1994; Eggermont 1993; Vrouenraets et al. 1993; Lejeune et al. 1995; Thom et
al. 1995; Fraker et al. 1996). Most investigators find this method to be safe,
but a side effect similar to septic shock was reported in all patients subjected
to this type of therapy (Vaglini et al. 1994a,b). Also according to other data,
such a syndrome has been associated with this type of therapy, but it is
transient and the recovery is rapid (Zwaveling et al. 1996). We should men-
tion that when this method is used in combination with radiation therapy,
there is a risk of tissue necrosis and disturbed wound healing (Vrouenraets
et al. 1997).

This method is often combined with a moderate hyperthermia. It has
been shown in mice that high body temperature increased the antitumor
effect of IFNy in B16 melanoma when the interferon was administered prior
to 8 hours of hyperthermia. The investigators found that 2 hours of hyper-
thermia had an antagonistic effect, 5 hours an additive effect, and 8 hours
a synergistic one (Fleischmann and Fleischmann 1994).

How could the unsatisfactory clinical results be explained, given the
expressed antitumor activity of IFNy in in vitro experiments and in mouse
models?

In the first place, we have to point out that the primary melanoma tumor
is composed of a very heterogeneous population of cells with various phe-
notypes and metabolism. Different sensitivity to the three interferons was
found in five melanoma cell lines and it correlated with the induction of the
2’-5" oligoadenylate synthetase. Resistance to the interferons is associated
with a defect at an early step of the metabolic pathway, which in some cell
lines leads to a decreased ability to induce tyrosine phosphorylation (Ralph
et al. 1995). High heterogeneity in surface antigen and HLA expression was
found in a study of 56 clones of the Me9229 and Me28 human metastatic
melanomas. In the different cell lines IFNy modulated to a different extent
the expression of these antigens (Anichini et al. 1986). In two other melanoma
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strains, Khm-1/4 and A101D, it also increased to a different extent the expres-
sion of HLA-DR and the melanoma-associated 97-kDa antigen (Kameyama
et al. 1986). The lytic ability of the peripheral mononuclear cells toward the
two melanoma strains — M19 and M26 — is stimulated by different com-
binations of IFNY, IFNa, and IL-2 (Schultz et al. 1994).

Another well-studied factor is the influence of hypoxia. It has been found
that melanoma cells are considerably less sensitive to IFNy under hypoxic
conditions, which are present in melanoma tumors (Bocci et al. 1991; Naldini
et al. 1995).

Recently, attempts have started to treat melanomas by gene engineering
approaches. In experiments with mice the IL-2 or IFNy gene was introduced
into B16 melanoma cells with a retroviral vector. They drastically reduced
tumor formation after their subcutaneous administration in syngenic mice.
Upon their intravenous introduction, most of the melanoma cells transduced
with IFNy were rejected, unlike those transduced with IL-2, which were
tumorogenic and formed lung metastases (Abdel-Wahab et al. 1997a).

The first phase of clinical trials was conducted with specific immuniza-
tion of melanoma patients with autologous melanoma cells transduced to
express IFNy and inactivated by radiation. Immunization with such cells
was found to be harmless, and the results showed that this procedure was
useful for treatment of patients with not very advanced stages of the disease
(Abdel-Wahab et al. 1997b).

Successful experiments were also conducted with adoptive immuno-
therapy in mouse models using cytotoxic T lymphocytes genetically modi-
fied with cytokines (Abe et al. 1996).

12.7 Renal cell carcinoma (RCC)

There are data showing that renal cell carcinoma (RCC) in humans is due
to a deletion in the short arm of chromosome 3 (Jacqmin 1994). It is believed
that RCC is one of the few tumors which is immunogenic enough to be
susceptible to immunotherapy (Graham 1994).

In kidney carcinoma IFNY considerably increases ICAM-I expression at
the level of transcription, which lasts for a long period, possibly due to a
disturbed mechanism suppressing its expression (Hansen et al. 1993; Kawata
et al. 1996; Tanabe et al. 1997). As it was already discussed (see Chapter 3,
Section 3.4), high levels of this antigen favor tumor cell attack by tumoricidal
lymphocytes. In most RCC lines the expression of the EGF receptor is also
increased (Elsasser et al. 1999). Decreased MHC class I expression is found
in some tumor lines (Kallfelz et al. 1999), which disturbs the function of the
peptide-transporting system (TAP-1) and contributes to the emergence of a
phenotype that can avoid the immune control. IFNYy increases the TAP-1
system of MHC class I associated with antigen presentation and also the
LMP-2 proteosomal subunit, which facilitates RCC recognition by the
immune system (Seliger et al. 1997).
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In a number of clinical trials on kidney carcinoma it was found that IFNy
strongly activated the NK cells (Grups and Frohmuller 1990; Barna et al.
1991; Escudier et al. 1993; Kawata et al. 1993, 1995; Farace et al. 1994; Yasu-
naga et al. 1995; Yanagiyo 1996), activated the cytotoxic T cells, increased the
T helper cells, and decreased the T suppressor lymphocytes, thus increasing
the CD4+/CD8+ ratio, which is a manifestation of immunostimulation
(Aulitzky et al. 1989a; Grups and Frohmuller 1990; Onishi et al. 1991; Ernstoff
et al. 1992; Kawata et al. 1993; Yasunaga et al. 1995; Yanagiyo 1996).

The important role of IFNy treatment for macrophage activation is
revealed in experiments with the mouse kidney adenocarcinoma Renca
(Hillman et al. 1997). In this tumor IFNY also induced Fas overexpression,
which leads to the effective killing of tumor cells through Fas ligand-induced
apoptosis (Lee et al. 2000b). It was found that IFNYy also inhibits angiogenesis
in patients with RCC (Yoshino et al. 2000), which leads to suppression of
tumor growth.

An increase in CD8+ cells was observed in TIL (Kawata et al. 1993). In
kidney carcinoma IFNY also increases the expression of MHC classes I and
II, which determine the immunogenicity of the tumor and thus play an
important role in immunotherapy (Gastl et al. 1996). Different RCC lines,
however, are heterogeneous with regard to growth inhibition and MHC
antigen induction by IFNy and IFNa. (Angus et al. 1993).

The alveolar macrophages of patients with kidney cancer reacted to IFNy
with increased tumoricidal activity able of lysing neoblastic cells, but not
normal cells (Thomassen et al. 1990; Barna et al. 1991). The high activity of
prostaglandin E2 in such patients was decreased by IFNY (Barna et al. 1991).

A metalloproteinase-2 (72-kDa type IV collagenase, gellatinase A) plays
an important role in the invasiveness and metastatic potential of some
tumors of the kidney. In experiments with the KG-2 cell line, bFGF and TGFj
stimulated the production of this enzyme, whereas IFNYy suppressed it. This
decreased the invasive activity of the tumor (Gohji et al. 1998).

Studies on kidney cancer patients (Yoshino et al. 2000) and experiments
with cell lines show that apart from the indirect effect exerted through the
cellular immunity, IFNYy has also some direct antiproliferative activity. Thus,
in the DNT-11 and HTB-44 cell lines IFNy suppressed cell proliferation with
26 and 37%, respectively (Buszello 1995). In the TC-1 cell line the antiprolif-
erative effect of IFNy was associated with a suppressed expression of PCNA
(a subunit of DNA polymerase 8) and of the cyclinB/cdc2 complex necessary
for the G2/M transition (Hall et al. 1996). A direct inhibition of cell prolif-
eration was also observed in the RAC cell line (Kuebler et al. 1987). Different
RCC lines have different sensitivities to IFNYy. The latter suppresses the
proliferaiton of three of four such cell lines (786-O, Cek-1, TK-10, TK-164)
(Kavoussi et al. 1989).

The antiproliferative effect of IFNY has also been shown in animal exper-
iments. IFNYsuppressed the formation of lung metastases in an experimental
model of kidney cancer in mice. It is interesting that the successive action
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of IFNY and IL-4 has a stronger suppressing effect on lung metastases than
the action of IFNy alone (Hillman et al. 1997). Still more effective was a
combination of IFNy and IL-2, as it had a synergistic effect and also sup-
pressed the growth of subcutaneously implanted tumors (Masumori et al.
1995). IFNy and TNFo. in combination also suppressed tumor growth in rats
with kidney carcinoma (Van Morselaar 1990).

With the human kidney cancer cell line KG-2 it was shown that IFNy
and IFN (but not IFNo) suppressed the transcription of the gelatinase gene
independently of their antiproliferative activity. The lack of gelatinase activ-
ity considerably inhibited the invasive capacity of the tumor cells (Gohji
et al. 1994).

The role of IFNY as a protective cytokine has been shown by the fact that
in blood cell cultures from patients with different stages of RCC the level of
IFNY is significantly lower than in healthy controls, and it decreases with
increasing tumor burden. Also, IFNY production was higher in stabilized
patients than in patients with a progressing disease. These data led to the
conclusion that low production of IFNy was an indicator of tumor progres-
sion (Elsasser-Beile et al. 1989b).

The numerous clinical trials for treatment of kidney cancer with IFNy
gave very variable results, including remissions of 5 to 35% depending on
the dose, the route, and the scheme of administration. Continuous as well
intermittent administration has been used. Comparing the two procedures,
it could be concluded that the second showed a stronger antitumor effect.
Thus, whereas with continuous infusion there was no effect or the antitumor
effect was minimal (6.0 to 8.6%), with intermittent application an antitumor
effect was observed in 20.0 to 21.4% of the cases (Rinehart et al. 1986; Machida
et al. 1987; Quesada et al. 1987; Takaku et al. 1987; Satake et al. 1993).

With regard to the dosage, different doses have been used — from 50 to
60 pg/m? to 1 to 3 mg/m?. The administration of 1 mg/m? five times weekly
(Mani and Poo 1996) and 0.15 to 0.2 mg/m? once a week (Scheibenbogen
et al. 1993; Lummen et al. 1996) was ineffective. The very low dose of 50 to
60 ug/m? once a week also did not produce a satisfactory result (Hofmockel
et al. 1993; Gleave et al. 1998; Small et al. 1998). The cyclic application of
0.25 mg a day for 8 days followed by an interval of 3 to 4 weeks produced
some antitumor effect (Grups and Frohmuller 1989). The doses of about
100 pg/m? (approximately 3 to 5 x 10° IU) are believed to be optimal
(Aulitzky et al. 1989a,b; Ellerhorst et al. 1992, 1994; Abratt et al. 1993). Unlike
the preliminary data (Garnick et al. 1988), the high doses did not produce
the expected result, which is not unusual considering that IFNY is active at
an optimal concentration (Kleinerman et al. 1986). The lower doses of IFNYy
produced a smaller percentage of recurrences, and activated NK cells were
found even 6 months after the interferon therapy was completed (Nakagawa
et al. 1994).

It should be taken into consideration that the result of different clinical
trials depended on the extent of disease progression. For example, in one
clinical trial the low doses of IFNy produced 23% response in patients with
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unilateral tumors and affected regional lymph nodes only, whereas with
widely spread metastases, the response was 5%. The investigators conclude
that the low doses of IFNY are effective and produce long-term remissions
when the metastases are limited (Aulitzky et al. 1995) but not when the
tumor load is large (Aulitzky et al. 1994).

When the activity of the effector cells was studied, it was found that the
antitumor response resulted from stimulation of the NK cells (Kudo et al.
1990). Other investigators point out that the antitumor response is obtained
when there is a decrease in CD8+ cells and an increase in CD4+ cells (Ernstoff
etal. 1990, 1992). The increase in CD8+ cells after IFNYy therapy did not result
in tumor regression (Aoyagi et al. 1992).

The increased activity of monocytes/macrophages under the effect of
IFNy was associated with elevated levels of neopterin. However, no corre-
lation was found between this level and the course of the disease (Hobarth
et al. 1994). The B,-microglobulins are believed to be a more reliable marker
for the antitumor response to IFNY therapy. It correlates with an increase of
the soluble HLA class I antigens induced by IFNY (100 to 500 pig administered
at intervals) (Aulitzky et al. 1991).

IFNY was used as prophylactic postoperative adjuvant therapy (3 x 10°
IU weekly) after nephrectomy. The result was a significant stimulation of
activated cytotoxic T lymphocytes (Miura et al. 1989).

Such an approach seems to be justified considering that a dominant Th2
cytokine profile is found in kidney cancer patients after nephrectomy (Onishi
et al. 1999).

An important question is whether the objective remissions are associ-
ated with extended life span. According to some trials with 30% antitumor
response, there was an increased survival (Otto et al. 1988). Analysis of
65 patients 3 to 4 years following interferon therapy (resulting in 26%
remissions with IFNa and 36% with IFNYy) showed increased survival of
patients who responded to therapy (Schneider et al. 1990). These data
contradict the opinion that the remissions do not correlate with survival
rate (Onishi et al. 1997).

Of interest are reports of single cases of RCC patients who responded
to IFNy with complete remission. Thus, a complete remission was observed
in a patient with metastases in many organs after administration of low
IFNYydoses (Otto et al. 1995) and also in another patient with lung metastases
following inhalation and subcutaneous administration of IFNy (Kawata et
al. 1994). In one case a brain metastasis disappeared 2 weeks after IFNy and
radiotherapy (Kawakami et al. 1993). The last case is unusual, because in a
different patient the metastases in other organs were affected by IFNY, but
the brain metastasis was not because of the hematoencephalic barrier (Otto
et al. 1995). There is also a report on a liver metastasis that disappeared 6
months after IFNy therapy (Ogi et al. 1992). Also, the intratumoral and
transarterial administraiton of IFNy eliminated metastases that appeared
after operation of the affected kidney (Kitagawa et al. 1992). In a single case
of kidney cancer metastasis a complete remission was observed 13 weeks
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after therapy with IFNa-2b and IFNY followed by IFNo-2b alone (Okaneya
et al. 1999).

Clinical trials with IFNYy-1b for the treatment of metastatic kidney cancer
showed minimal effectiveness (Gleave et al. 1998; Small et al. 1998). It is hard
to say whether the reason for this result is the better (blind, placebo-controlled)
trial, the inappropriate dose or scheme of application (60 pg subcutaneously
once a week), or the modified IFNY.

In a clinical trial with 22 patients different combinations of IFNy and
other cytokines also were tested. IFNy in combination with TNFa resulted
in 3 complete remissions, 1 partial remission, and 10 stabilized patients (Sohn
et al. 1992).

The simultaneous administration of IFNy and IFNo did not improve the
results (de Mulder et al. 1991, 1995) regardless of the report that this com-
bination strongly activated the NK cells and the cytotoxic T lymphocytes
(Yanagiyo 1996). This combination was used for treatment of advanced kid-
ney cancer (Naito et al. 1995). There are data that IFNy applied before treat-
ment with IFNa stimulates the antitumor activity of T cells (Ernstoff et al.
1992) and is important for the final result. Thus, injection of IFNy 6 hours
prior to IFNa in 30 patients resulted in 14 antitumor responses, which led to
2 complete remissions of 20 and 22 months (Ernstoff et al. 1990).

Already in the first trials it was found that the lower doses of IFNy
followed by high doses of IFNa produced more promising results. IFNy and
IFNo in combination produced a 20% response and stabilization longer than
12 months in more than 92.3% of the patients (Koga et al. 1999). In another
clinical trial the successive administration of IFNo and IFNY resulted in 25%
complete plus partial responses in metastatic kidney cancer after nephrec-
tomy (Fujii et al. 1999).

RCC metastases were suppressed after the simultaneous application of
liposomes containing macrophage activators and subcutaneous injections of
IFNy (Dinney et al. 1992) and also after subcutaneous IFNy in combination
with liposomal muramyl peptides (Lautersztain et al. 1991), which act syn-
ergistically with IFNy (Galligioni et al. 1994). In metastatic kidney carcinoma
some successful trials have been conducted using the combination of IFNy
and 2-,2’-difluorodeoxycytidine (Gemcitabine) (Rohde et al. 1998).

Data showing that the monocytosis obtained upon combination of IFNy
with M-CSF is associated with thrombocytopaenia should be taken into
consideration (Weiner et al. 1994).

The combination of IFNy and IL-2 should be also considered. IL-2 is a
powerful inducer of LAK activity against autologous and allogenic tumor
cells. This activity is accomplished by the CD3-CD56+CD16+ lymphocytes.
IL-2, however, is highly toxic. Treatment of kidney cancer patients with IFNy
(100 pug/m?) 2 hours prior to IL-2 increased the LAK and NK activities more
than did IL-2 alone (Weiner et al. 1991). The use of IFNy in combination with
IL-2 for treatment of metastatic kidney carcinoma increased the number of
NK cells and resulted in 21% partial remissions, 39% stabilization, and only
13% progressive disease (Escudier et al. 1993). In another trial a 23% antitumor
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response was observed (Hercend et al. 1991). Other investigators also
obtained an effective result (33% response) (Tagliaferri et al. 1998). However,
in a different trial the induction of IFNY by IL-2 neither correlated with the
antitumor response nor with the survival rate (Meffert et al. 1997).

An antitumor effect also was observed in a mouse model and in humans
upon administration of IL-12, which induces IFNy, as well as the angiostatic
CXC chemokines IP-10 and MIG (Bukowski et al. 1999). Data from the clinical
application of IL-12 in patients with kidney cancer and from experiments
with mice show that the prolonged application of this cytokine leads to its
decreased level in the serum together with that of IFNY resulting in the loss
of effect (Rakhit et al. 1999). We should mention some new data which show
that IL-12 could not significantly stimulate the production of IFNy by the
peripheral T lymphocytes and by the kidney carcinoma-specific TIL
(Ulchaker et al. 1999).

A new approach of intratracheal administration of liposomal IL-12 led to
the induction of IL-12 and IFNy in the bronchoalveolar lavage and to a strong
suppression of lung metastases of mice kidney cancer (Blezinger et al. 1999).

The combination of IFNy and vinblastine produced 20.6% complete plus
partial responses (Bartoletti et al. 1990).

Finally, we shall mention the recent use of gene therapy for the treatment
of kidney cancer. Experiments on mice have shown that radiation and mul-
tiple vaccination with cytokine-producing Renca cells (kidney cancer cells
transformed to produce IFNY, IL-2, or GM-CSF) considerably decrease the
number of lung metastases (Nishisaka et al. 1999). However, we have to
point out some studies which show that the effect of IFNy on kidney cancer
cells is the same as in cells modified to produce this cytokine — in both cases
a 98% increase in HLA class I and ICAM-I and a 95% activation of HLA
class II have been obtained (Nayak et al. 1999).

12.8 Breast cancer

It has been found that the Th2 cytokines are dominant in primary cancer of
the mammary gland and in established cell lines of this type of cancer. Thus,
cancer cells avoid the cellular immune response (Karp and Chan 1994). A
ThO-type cytokine, secreting large quantities of IFNy and IL-4, has been
found at the level of individual cells (Lorenzen et al. 1991). In six out of seven
breast cancer cell lines studied (MCF-7, ZR-75.1, MB-231, MB-415, MB-468,
SKBr3) and in five primary breast tumors there was no expression of
Fas/Apol surface antigen, unlike the normal mammary gland epithelium
where there is high expression of Fas leading to apoptotic death under the
effect of anti-Fas antibodies (Keane et al. 1996). IFNy increases Fas and ICAM-I
(CD54) expression in MDA-MB453 and MCF-7 breast cancer cells but not in
the estrogen receptor—negative cell line BT-474. The expression of ICAM-I
positively correlates with the sensitivity of the breast cancer cells to lysis by
NK/LAK cells (Salup et al. 1994). In the AU-485 cell line the increase in
ICAM-I expression under the effect of IFNYy possibly occurs with the help of
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protein kinase C (Bacus et al. 1993). A differentiation-inducing factor (a 44-kDa
protein) has the same function and stimulates tyrosine phosphorylation of
the c-erbB-2 (Her-2/neu) receptor. This also induces a phenotypic differen-
tiation in some breast tumors, which stop proliferating and become milk-
producing cells. Overexpression of c-erbB-2, found in 30% of breast cancer
cases, has a poor prognosis (Salup et al. 1994). IFNY suppresses this gene
(Marth et al. 1990). The oncogenes c-myc, hst, and int-2 are also often
expressed in breast cancer (Le Roy et al. 1991).

In general, the tumoricidal function of the effector cells (macrophages,
NK, LAK, and others) is suppressed in mice carriers of the D1-DMBA-1
mammary gland adenocarcinoma (Sotomayor et al. 1993) and also in women
with breast cancer (Marubayashi et al. 1991; Baxevanis et al. 1993). It has
been shown that the production of LAK cells under the effect of IL-2 depends
on the presence of IFNY. The serum of patients with breast and ovarian cancer
inhibits the production of IFNy (Muster-Bloy et al. 1996). The addition of
exogenous IFNYy recovers the suppressed LAK activity, whereas the latter is
decreased by antibodies to IFNYy (Shiiba et al. 1986). It was reported that,
unlike IFNY, IFNo suppresses this activity (Kamamura et al. 1998). High doses
of IFNy and LPS recover the tumoricidal activity of these cells (Sotomayor
etal. 1993). The cooperation between the T lymphocytes and the macro-
phages is dependent, at least in part, on IFNy. In experiments on cancer of
the mammary gland in mice it was found that IFNYy increased the transport
into effector cells of L-arginine, which is necessary for production of NO
(Cendan et al. 1996).

Some data indicate that the suppression of NK/LAK activity in breast
cancer is due to the abnormally high production of PgE2, which suppresses
IL-2 production. Indomethacin and IFNYy recover the NK/LAK activity to
the levels in healthy organisms. The effect of PgE2 is due to the suppressed
expression of IL-2 receptors on CD56+ cells (Baxevanis et al. 1993). IFNy
increases the cytotoxic activity of LAK, TIL, and the mononuclear cells in
pleural exudates (Papamichail and Baxevanis 1992). In women with breast
cancer the NK activity was normal in the peripheral blood mononuclear
cells, but it was disturbed in the regional lymph nodes (Bonilla et al. 1988).

All these data justify the use of Thl-type cytokines to treat breast cancer.

This has been confirmed by a number of experiments with in vitro cell
cultures. In several breast cancer cell lines the inhibition of cell proliferation
correlated with HLA-DR expression (Gastl et al. 1985). Treatment of Fas-
negative mammary gland cancer cells with IFNY led to increased Fas expres-
sion and to recovered sensitivity to apoptosis (Keane et al. 1996). A number
of breast cancer cell lines were sensitive in vitro to the antiproliferative
activity of all three interferons. The strongest direct effect was obtained with
IFENP (Coradini et al. 1994). In the MCF-7 cancer cell line, when the LAK
cells interacted with the tumor cells, IFNy and TNFo were released (Chong
et al. 1989).

The direct antiproliferative effect of IFNy was increased syngergistically
in combination with TNFa (Marth et al. 1987b; Shiiki et al. 1989), with TNFf
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(Shiiki et al. 1990b), and also with retinoic acid (Marth et al. 1986, 1987b,
1993; Windbichler et al. 1996). IFNy in combination with IFNa also had a
stronger antitumor effect (Gastl et al. 1985). However, the antiproliferative
effect of IFNy was absent in some cell lines, such as the T47 D cell line (Solary
et al. 1991). It is interesting that the prolonged incubation (18 months) with
IFNY of the BT-20 cell line made it completely resistant to this cytokine, which
was accompanied by a decreased number of IFNy-binding sites (Marth et al.
1987a,b). This could be explained by the IFNy-suppressed expression of the
B-chain of its receptor (Bach et al. 1995, 1997).

The antiproliferative effect of IFNYy in breast cancer is also due to the
induction of the cyclin-dependent kinase inhibitor p21(WAF1), which is
synergistically activated by the tumor suppressor gene BRCA1, whereas the
IRF-1 gene is not affected. It is important that the induction of p21 is dis-
turbed in the presence of a mutant BRCA1 5382C allele (Ouchi et al. 2000).

An additive effect of all three types of interferon on the CG-5 estrogen-
dependent cell line was obtained in combination with the antiestrogen
tamoxifen (Iacobelli et al. 1986; Porzsolt et al. 1989). Other investigators find
that the presence or absence of estrogen receptors does not influence the
antiproliferative activity of IFNYy (Goldstein et al. 1989). TNFa exerts an
antiproliferative effect on the hormone-dependent mammary gland cancer
cells (during the early stage of their development), whereas the hormone-
independent lines (late stage of breast cancer development) are not sensitive
to this cytokine. However, in the presence of IFNYy, high concentrations of
TNFo inhibit the growth of hormone-independent tumors (Mueller et al.
1994, 1996). In the MCF-7 cell line, which is relatively resistant to tamoxifen
and to TNFa, the cytotoxicity is considerably increased when TNFo or
tamoxifen is combined with IFNy (Matsuo et al. 1992).

The synergism of IFNy and retinoic acid in a number of cell lines (MDEF-7,
SKBr-3, BT-20) is due to the increased expression of retinoic acid gamma
receptors (RAR-gamma) and also to the suppression of the activation of
the cytoplasmic retinoic acid-binding protein (CRAB-I) by retinoic acid
(Widschwendter et al. 1995a,b, 1996).

The effect of IFNy on the MDA-468 cell line was due to increased secre-
tion of TGFo, which suppresses the growth of this cell line (Hamburger and
Gayatri 1993). The direct effect of IFNY is also associated with the induction
of HLA class II antigens in some breast cancer cell lines (CF-7, T47D, ZR-75.1,
HSL-53, MDA-MB-231). In other cell lines, however, HLA-DQ is not induced.
This could be important in connection with the activation of the immune
response to different breast tumors (Jabrane-Ferrat et al. 1990b). In a number
of cancer cell lines the induction of HLA-DR did not correlate with the
antiproliferative activity (Gastl et al. 1985).

The suppressed proliferation of some cancer cell lines is due in part to
the downregulation of the EGF receptors by IFNy (Chakravarthy et al. 1991).

The antitumor activity of IFNy in breast cancer has also been shown in
experiments in vivo. Its intratumoral administration in combination with
IFNo into xenotransplants of the human tumor cell lines MCF-7 and BF-20
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led to complete regression of MCF-7 and partial regression of BF-20. Sepa-
rately, each of the cytokines produced an incomplete antitumor reaction
(Ozzello et al. 1988).

A synergistic antitumor effect was also observed with IFNy in combina-
tion with IFNP (Ozzello et al. 1990). In xenotransplants IFNy combined with
TNFa led to obstruction of tumor vascularization, apoptosis, and necrosis
(De Kossado et al. 1995). Similar results were also obtained in tumors of the
mammary gland induced with nitrosomethyl urea (Shah et al. 1989).

In contrast to these data, in the first clinical trials neither complete nor
partial results were obtained. We should point out, however, that the doses
administered were too high (2 mg/m?, intravenously, 5 days every other
week) (Muss et al. 1986), a regimen that appears to exceed the optimal
dosage. In advanced stages of breast cancer a combination of IFNy (or IFN)
and hormonotherapy (Megace or Tamoxifen) was used. This combination,
especially with tamoxifen, produced a favorable effect with a strong increase
in the IFNylevel. The investigators believe that there is a favorable prognosis
when the level of IFNYy increases and that of sIL-2R decreases, and these
changes are the most sensitive parameters for making a prognosis (Barak
et al. 1998).

The new approach of transgenic immunotherapy was also used. It
involves cytokine (including IFNYy) gene transfer into tumor cells via retro-
viral vectors or vaccinia viruses (Teramura et al. 1993; Cornetta et al. 1994;
Su et al. 1994; Matory et al. 1995; Peplinski et al. 1996; Nanni et al. 1998).
Tumor cells transfected with IFNy induce a strong immune response, which
leads to the rejection of both the transfected and the primary unmodified
tumors through the generation of active effector cells. IFNy plays an impor-
tant role in this process. This is demonstrated by the fact that antibodies to
this cytokine block tumor rejection. In this reaction the cytotoxic CD8+ T cells
(in myeloma) and the CD4+ helper cells (in breast cancer) play a role
(Teramura et al. 1993; Su et al. 1994). Transfection with IFNy of human breast
tumors (cell lines MDA-MB-435 and -431) led to growth suppression,
decreased invasiveness, IFNY production, and increased synthesis of MHC
antigens (Cornetta et al. 1994). The method was also tested in mouse mam-
mary gland cancer (DA-3, EMT-6 and -410) (Matory et al. 1995). Transfection
with GM-CSF alone or in combination with IFNy was the most effective in
the mouse cell lines (Peplinski et al. 1996).

Another approach for using IFNY is the so-called graft-vs.-host disease
(GVHD; see Section 12.1). The autologous GVHD is initiated by autotrans-
plantation of bone marrow and treatment with cyclosporine A (CSA). It is
enhanced by the application of IFNy (Kennedy and Jones 1993; Kennedy et
al. 1994; Hess 1995). A GVHD with allogenic bone marrow from a HLA
identical donor has also been successfully used (Eibl et al. 1996).

The GVHD induces a powerful antitumor response in animal models.
The effect is aimed at cells expressing MHC class II antigens, which is
stimulated by IFNy, which determines the strong antitumor activity
(Kennedy et al. 1995, 1996). After treatment of metastatic breast cancer with
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Table 12.1 Effect of GVHD,» HDC,» CSA and IFNY combinations
in breast cancer therapy

Absence of progression  Survival

Combination (%) (%)
GVHD + HDC 13 38
GVHD + HDC +CSA 24 44
GVHD + HDC + CSA + IFNy 41 53

3 Graft-vs.-host-disease.
b High doses chemotherapeutics
¢ Cyclosporine A

a combination of GVHD, high doses of chemotherapeutics, and IFNy the
following results were obtained for a period of 4 to 5 years (Table 12.1)
(Kennedy et al. 1996). These results deserve further attention.

12.9 Cervical cancer

Cervical cancer is caused by the human papillomaviruses 16 and 18. The
mechanism is associated with inactivation of the p53 gene product.

This gene was discovered in 1979, and for the next 10 years it was
believed to be an oncogene, because it had mutations in more than 50% of
human tumors. Finally, it was found to be a tumor-suppressor gene, and it
was named the “guardian” of the genome. It protects the genome from
accumulation of damaged DNA during cell division. Normally, this gene is
almost inactive, but it is activated whenever DNA is damaged — from UV
or ionizing radiation, chemical agents, stress, heat shock, and others. The
p53 protein encoded by this gene causes either apoptotic death of the cell
with damaged DNA, or arrest of the cell cycle at the end of the G1 phase
by inducing the kinase inhibitor p21/Wafl, which prevents the hyperphos-
phorylation of the retinoblastoma protein pRb. When the cell cycle is
arrested, genes and mechanisms are activated leading to the repair of the
damaged DNA, which makes possible its replication. The function of the
p53 gene can also be impaired by the products of some viruses, which bind
the p53 protein. This permits the replication of damaged DNA leading to
malignant transformation. Such p53-binding proteins are the large T antigen
of simian virus 40 (SV40), the 55-kDa protein of the adenoviral E1B gene,
the IE84 protein of the cytomegalovirus, the mdm?2 protein, the X protein of
the hepatitis B virus, and the E6 protein of HPV16 and 18, which is the main
cause of cervical cancer. The E6 proteins not only bind the p53 protein, but
they also cause its degradation. An allelic variant which has an Arg at
position 72 instead of a Pro is more easily degraded. In 77% of cervical cancer
the patients had an Arg variant, whereas in the healthy controls it occurred
in 37% (Storey et al. 1998).

It is important to point out that, in this case, the product of the p53 gene
is only affected, but not the gene itself. This is why the use of ionizing
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radiation and chemical cytostatics for cancer treatment could be a double-
edged sword — they can cause mutations in this gene making the process
irreversible and the cancer cells resistant to further therapy. This supports
the rational use of antiviral therapy for virus-induced tumors.

Such an approach is also supported by a number of experimental data.
In the first place, we have to mention that a significant shift from a Th1 to
a Th2 cytokine profile has been observed in cervical intraepithelial neoplasia
(Clerici et al. 1997). In human cervical epithelial cells immortalized by HPV16
and HPV18 IFNYy inhibited cell growth and reversibly decreased the E6/E7
viral RNA level. This effect of IFNy was not due to affected RNA half-life
but to selective suppression of the transcription of E6/E7 viral RNAs (Wood-
worth et al. 1990; Trizna et al. 1994). In other experiments the growth of
human keratinocytes transformed with human papillomavirus (HPV) was
strongly suppressed by IFNY, and this effect was increased in combination
with TNFa (Delvenne et al. 1995). In the SiHa cervical cancer cell line all
three types of IFN selectively decreased the E6/E7 RNA of the HPV16
(De Marco and Marcante 1993). The peripheral blood mononuclear cells of
cervical cancer patients had decreased production of IFNY. It has been shown
that this is due to an increase in the PgE2 level with disease progression and
PgE2 suppression of IFNy production (Mori et al. 1990). Decreased produc-
tion of IFNy was also found in the tissues of the intraepithelial and invasive
cervical carcinoma (Pao et al. 1995). Peritoneal macrophages of patients with
cervical and ovarian cancer treated with IFNy increase their secretion of
TNFo, IL-1, and IFNYy but not of PgE2. A strong correlation also has been
observed between the secretion of [FNy and TNFa (Chen et al. 1990).

An example of growth suppression of the human cervical cancer cell
line SKGIIIb is shown in Figure 12.4 (Iwasaka et al. 1987).
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Figure 12.4  Effect of IFNYy (10° IU intraperitoneally every day) on the growth of human
cervical tumor SKGIIIb. Ordinates — size of the tumors in mm?. Controls (Hl); IFNy
injected from the day of transplantation ({1); IFNy started 3 weeks after transplantation
(I); IFNY injected into the tumor (). (According to data by Iwasaka et al. 1987.)
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IFNY showed an antiproliferative effect in the human cervical cancer
cell lines ME-180, SiHa, HT-3, and MS751, whereas TNFa did not have an
effect, but it synergistically increased the effect of IFNy (Mutch et al. 1990).
In another experiment the lysing ability of IFNy on the same cell lines plus
the C-33A cell line was tested. None of them was susceptible to lysis.
However, if protein synthesis was inhibited after the preliminary treatment
with IFNy, the ME-180 and MS751 cell lines underwent considerable lysis
(Massad et al. 1990).

As in the other types of cancer, here IFNY also increases the expression
of HLA antigens (Okamura et al. 1986). Using neutralizing antibodies, it was
shown that the antitumor activity of the lymph node cells in cervical cancer
was due to the secretion of IFNy (Okadome et al. 1991). In the cervical cancer
cell lines HelLa, CAC-1, and TMCC it was found that the antiproliferative
activity of the peripheral blood and lymph node lymphocytes was due to
IFNYy production (Saito et al. 1994). Treatment with IFNy and TNFa increases
ICAM-I expression in cervical cancer too (Okamoto et al. 1993; Cristoforoni
et al. 1994; Evans and Baker 1996; Bornstein et al. 1997). IFNy induces the
membrane expression of ICAM-I, whereas IFNP suppresses it (Bornstein
et al. 1997). In this type of cancer the combination of IFNy and retinoids also
synergistically increases the antitumor effect (Bollag 1994; Widschwendter
et al. 1994). The cytotoxic effect of low doses of cisplatin is increased by IFNy,
IFNo, and TNFa (Verma et al. 1996).

In patients with cervical cancer the long-term cultivation (28 days) of
peripheral blood leukocytes with IL-2 or a mixture of IL-2, IFNYy, and TNFa
in the presence of cancer cells generates cytotoxic lymphocytes with high
lytic activity toward autologous cancer cells, poor activity toward the het-
erologous ones, and a lack of cytotoxicity directed against other cancer cells
and normal cervical cells (Rangel et al. 1995).

The direct antitumor effect of IFNy and its synergism with IFNo highly
vary depending on the cancer cell line. The optimal scheme for a direct
antitumor effect is a long-term treatment with interferons (Higashihara et al.
1988). An indirect anti-tumor effect of IFNy was observed in human cervical
tumors transplanted in nude mice (Iwasaka et al. 1987).

Unlike all of these data, the results of the clinical trials are difficult to
interpret. Injection of IFNY (2 x 106 IU/day) around the cervical tumor lesion
for 3 days prior to radical hysterectomy neither showed immune cell infil-
tration nor a decrease in tumor size (Honma et al. 1991). Due to the short
duration of treatment, these data do not allow conclusions regarding the
effect of IFNy on the tumor. A review of the literature on the clinical appli-
cation of interferons and retinoids in patients with cervical cancer did not
reach a firm conclusion about the effectiveness of this treatment. For intra-
epithelial cervical cancer there are data showing 39.7% remissions with IFNa,
64.3% with IFNB, and 51.8% with IFNy. However, it has been noted that in
double-blind placebo-controlled trials the effect of the interferons and retin-
oids has not been confirmed, and the results for invasive cervical cancer are
inconclusive (Gunter et al. 1995). The combination of interferons with ionizing
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radiation is recommended as useful (Angioli et al. 1992), but the ability of
IFNY to increase the radiosensitivity of normal tissues should be considered
(see p. 126).

As with the other malignant tumors, the contradiction between the theo-
retical and experimental data on the one hand and the clinical results on the
other also shows that the optimal scheme (e.g., dosage, route of administra-
tion) for treatment with IFNYy of viral tumors has not yet been established.

12.10 Gastric cancer

The activity of NK cells in advanced (stage IV) gastric cancer is considerably
decreased as compared to stages I to III and to healthy controls. IFNY increases
the activity of these cells without increasing their number (Kuwahara et al.
1987). The LAK activity of the lymphocytes in the regional lymph nodes is
also decreased (Karimine et al. 1994), although according to another study
(Kusugami et al. 1990), the regional lymph nodes of patients with gastric
cancer produce high levels of IL-2 and IFNy. In the peripheral blood lym-
phocytes, however, the activity of IL-2 and IFNy is decreased, especially in
the advanced stages of stomach cancer (Kusugami et al. 1990; Wen et al.
1994; Zhu et al. 1995).

IFNY increases the expression of HLA-DR in gastric cancer (Shibata et
al. 1992) and also of ICAM-I (Ishii et al. 1994; Ishigami et al. 1996). IFNYy
together with TNFo. stimulates the expression of IL-8, which is a chemotactic
agent for neutrophils, basophils, and T lymphocytes (Yasumoto et al. 1992).

The expression of the apoptotic antigen Fas highly varies in different
stomach cancer cell lines. Relatively high expression was found in the
MKN-74 and MKN-75 cell lines (both with normal p53), and decreased
expression was observed in the cell lines with deleted p53 (KATO-III cell
line) or with mutated p53 (MKN-1, MKN-7, and MKN-28 cell lines). Fas
expression was increased by IFNYy except in the cell lines with mutated p53
(Hayashi et al. 1997).

In in vitro experiments on gastric cancer cell lines the interferons exhib-
ited an antiproliferative activity in the following order; IFNYy>IFNB>IFNo
regardless of whether they were natural or recombinant products (Kimoto
et al. 1986).

In the MKN-1 and MKN-28 cell lines a synergistic effect was observed
upon the application of IFNy in combination with TNF (Shiiki et al. 1990b)
or with TNFo (Shiiki et al. 1989). It has been shown that IFNy does not
change the number nor the affinity constant of the TNFa-binding sites. This
indicates that the synergism is due to postreceptor mechanisms (Yasumoto
et al. 1992).

The effect of IFNyin combination with chemotherapeutics was increased
by low doses of 5-FU or methotrexate if the latter was administered prior to
the interferon therapy (Kimoto et al. 1986). In the SNU-1, SNU-5, SNU-16,
and NCI-N87 cell lines the combination of IFNy with 5-FU showed an addi-
tive, but not a synergistic, effect (Park et al. 1991). There is a report on a case
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of stomach cancinoma with multiple metastases in the liver that reacted to
the combination of IFNy and 5-FU with a considerable decrease in the num-
ber and size of the metastases and in the size of the primary tumor, which
permitted a partial resection of the stomach and the liver (Katano et al. 1987).

Unexpected was the report that IL-4 (a Th2 cytokine) inhibited the
growth of stomach cancer cell lines, 5 to 85% of which expressed the receptor
for this cytokine (IL-4R). The effect was increased synergistically after com-
bining IL-4 with IFNy and TNFo (Morisaki et al. 1992).

12.11 Prostate cancer

The data in the literature are exclusively experimental, with indications for
a possible favorable effect of the application of IFNy and other Th1 cytokines
for treatment of prostate cancer.

The MHC class I antigens are strongly expressed in the cells of the benign
prostatic hyperplasia, whereas in malignant transformation different levels
of expression are found: from complete lack of expression in the LNCaP cell
line to normal expression in the PC-3 and DU-145 cell lines. MHC class II
antigens are neither expressed in normal nor cancer cells of the prostate.
They were slightly induced by IFNy (Bander et al. 1997). Increased expression
of MHC class II by IFNy was also found in other studies (Blumenfeld et al.
1993; Sokoloff et al. 1996).

The direct antiproliferative activity of IFNyand TNFa on prostate cancer
cells has been shown in in vitro experiments. TNFo inhibited the androgen-
dependent cell line LNCaP, whereas it had no effect or a very poor effect on
the androgen-independent cell lines PC-3 and JCA-1. IFNy had a different
effect: it inhibited the PC-3 and JCA-1 cell lines and had no effect on the
LNCaP cell line. These data show the advantage of using the two cytokines
in combination for treatment of some types of gastric cancer and of IFNy
alone for others (Nakajima et al. 1995). A synergistic effect of IFNYy in combi-
nation with TNFo was also observed in a rat model with androgen-dependent
and androgen-independent cell lines (van Moorselaar et al. 1991a). In in vivo
experiments with the human cell lines PC-3 and DU-145 transplanted in
athymic mice, the combination of IFNy and IFNa had a considerable anti-
tumor effect on PC-3 cell line but not on DU-145 cell line (both cell lines are
hormone independent) (van Moorselaar et al. 1991b). In connection with
these cell lines, we shall point out that in the DU-145 and PC-3 cell lines,
which are sensitive to the antiproliferative activity of IFNy, this cytokine
induced the expression of p21 but not in the resistant cell line LNCaP. Also,
in the sensitive cell lines IFNy suppressed the proto-oncogene neu (HER-2)
and induced phosphorylation of STAT-1 (Kominsky et al. 2000).

In some types of prostate cancer IFNy also induces ICAM-I (Sokoloff et
al. 1996). Interesting data were obtained in the DU-145 cancer cell line, which
has mutations in the genes encoding p53 and pRb. It was found that IFNy
and IFNo induce the expression of the kinase inhibitor p21/WAF1, which
blocks the cell cycle and is normally induced by p53 if its gene is not

© 2002 by CRC Press LLC



150 Immune interferon: Properties and clinical applications

inactivated (see Section 12.9). Thus, both interferons inhibit cell proliferation,
but only IFNY leads to phenotypic changes and at the same time causes
considerable reduction in the number of EGF receptors and increases the
expression of ICAM-I. All of these changes point to the appearance of a
nontumorigenic state associated with decreased invasive capacity regardless
of the state of p53 and pRb. In other words, IFNY bypasses the metabolic
pathway of the mutated tumor-suppressor genes (Hobeika et al. 1998). A
synergistic cytostatic activity against hormone-insensitive prostatic cancer
cells was observed with the combination of Fenretinide (a less toxic deriva-
tive of retinoic acid) and nontoxic doses of IFNY (Fine et al. 1994). Increased
expression of IFNYy has been observed in cell lines with mutated p53, which
can be considered as an attempt, although insufficient, to inhibit the uncon-
trolled cell proliferation (Royuela et al. 2000).

In prostatic cancer patients it was observed that the ability to produce
interferons (IFNy and IFNo) decreases with disease progression. Thus, the
IFN level may have a prognostic value (Kita et al. 1990).

Recently, clinical trials have been started to study the immunotherapy of
prostatic cancer with the combination of natural cytokines (IL-1, IL-2, GM-CSE,
IFNy, TNFo) (Harris et al. 1999). It is interesting to note that in a mouse
model of prostatic cancer the metastatic cells were resistant to CTL, unlike
the primary cancer cells. This was not due to the defective production of
molecules associated with antigen presentation (Lee et al. 2000a).

12.12 Qwarian cancer

In ovarian cancer IFNy suppresses the c-erbB-2 oncogene (Her2/neu),
whose overexperssion is associated with a poor prognosis, as also is the
case of breast cancer (Marth et al. 1990, 1992; Nehme et al. 1995). At the
same time, IFNY decreases the constitutive phosphorylation of the tyrosine
on c-erbB-2 and inhibits its kinase activity (Mishra and Hamburger 1994).
On the other hand, IFNy increases the expression of MHC class I and
induces the expression of MHC class II antigens (Boyer et al. 1989; Marth
et al. 1989b, 1996; Allavena et al. 1990; Fuith et al. 1991; Mobus et al. 1993;
Santin et al. 1996) and of ICAM-I (Santin et al. 1996). IFNYy also increases
or induces the expression of specific tumor-associated antigens of ovarian
cancer such as CA-125, HMFG, CEA, MUC-1, O3 (Marth et al. 1989a; Fuith
et al. 1991; Mobus et al. 1993; Clark et al. 1994a; Imbert-Marcille et al. 1994).
This helps the specific discrimination between malignant and benign cells
in radioimmunoscintigraphy.

Studies of the direct antiproliferative activity of IFNy on ovarian cancer
showed that the various cell lines had different sensitivity (Marth et al.
1989a,b; Massad et al. 1990; Mobus et al. 1993; Klouche et al. 1995). In some
cell lines IFNY increases the cytotoxicity of cisplatin (Clark et al. 1994b;
Nehme et al. 1995) both in vitro and in vivo experiments in mice with
xenotransplants (Dumont et al. 1995). We should mention that although the
treatment with platinum compounds is very effective in the beginning, some
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tumors develop multidrug resistance (MDR; see p. 120) after long treatment.
In such tumors IFNY also increases the expression of MHC class I and class
11, as well as the expression of tumor-specific antigens, which enhances their
immunogenicity and therefore the therapeutic effect (Mobus et al. 1993).

In in vivo experiments on athymic mice with intraperitoneal xenotrans-
plants of human ovarian carcinoma, the combination of IFNy and TNFo
exhibited a strong antitumor effect — only 1 of 20 mice had an intraperitoneal
tumor, whereas all of the controls expressed intra-abdominal canceromatosis
(Manetta et al. 1989). The indirect effect of IFNY in ovarian cancer shown in
in vivo experiments is also associated with stimulation of the tumoricidal
activity of the peritoneal mesothelial cells (Michelini-Norris et al. 1996).

The resistance of some ovarian cancer cell lines to lysis by IFNy appears
to be dependent on a mechanism connected to protein synthesis. Treatment
with IFNy followed by inhibitors of protein synthesis leads to considerable
lysis in some resistant cell lines (Massad et al. 1990). Cell lines resistant to
IFNYy and TNF react with suppressed growth when the two cytokines are
combined (Li et al. 1994), and also when they are combined with cytostatics
(Li et al. 1995).

The direct antitumor effect of IFNy on some ovarian cancer cell lines is
also associated with the induction of IDO (see Section 3.2) leading to trypto-
phan starvation. At the same time, however, the tryphophanyl-tRNA synthe-
tase is also induced (Reano et al. 1993). This appears as a compensatory
mechanism that functions to continue protein synthesis when the concen-
tration of free tryptophan is decreased. The lack of a direct connection
between the tryptophan decrease and the antitumor activity shows that other
mechanisms also are involved (Burke et al. 1995).

Also, there are data that patients with ovarian cancer show a higher level
of sSICAM-I, which is increased by IFNYy (Giavazzi et al. 1994).

The antitumor activity of IFNY on ovarian cancer initiated early clinical
trials with its intraperitoneal administration for treatment of resistant tumors
and residual tumors after previous treatment. (For the early clinical trials,
see review by Welander 1988.) In one of the first trials no objective response
was observed in 27 resistant tumors (D’Acquisto et al. 1988). In another
clinical trial there was a complete response in 29% of the cases of residual
ovarian cancer following a primary therapy, and a correlation was found
between the size of the tumor and the response to IFNY (for sizes less than
5 mm there was a 37.5% response; for sizes between 5 and 20 mm there was
a 21% response; and there was a 9% response for larger tumors) (Pujade-
Loraine et al. 1991). In another clinical trial an effect of IFNy also was
observed when the tumor load was small (Colombo et al. 1992).

For the prognosis of an IFNY response, apart from the size of the tumor,
the age of the patients also is of importance. When 20 x 10¢ IU/m? of IFNy
was administered intraperitoneally twice a week for 3 to 4 months, 31 of
98 patients responded positively, including 23% with a complete response.
Forty-one percent of patients younger than 60 years with tumors smaller
than 2 cm had a complete response. A 3-year follow-up study showed that
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62% of patients with a complete response had survived (Pujade-Loraine
et al. 1996).

12.13  Cancer of the bladder

In in vitro experiments IFNy showed a direct antiproliferative effect on dif-
ferent uroendothelial cancer cell lines (Jackson et al. 1994). Sensitive cell lines
included BT1, RT4, EJ, 468P, 253], SD, TCCSUP, and SW1738, relatively less
sensitive were T24, 647V, VMCUB?2, and J82, and the cell lines VM-CUB],
639V and SW1710 appeared to be resistant. In some cell lines (RT4 and RT112)
IFNy was cytostatic and cytotoxic, whereas in others (MGH-U1) it was only
cytostatic. The combination of the three interferons (o, B, and y) appeared to
be more effective (Grups and Frohmuller 1988). In an experiment with the
T24 cell line the cytotoxicity of the interferons was arranged as follows:
IFNB>IFNo>IFNy (Hara 1989). IFNy, as well as TNFo, exerted a powerful
antiproliferative effect on cancer cells derived from bladder tumors at the
G1 and G2 stages. Cells from advanced G3-stage tumors were the least
sensitive (Hawkyard et al. 1992b, 1993). There also are data that IFNo had
a direct antiproliferative effect on 5 of 10 human bladder cancer cell lines,
whereas IFNYy was effective only in 1 (Niell et al. 1994). IFNYy had a stronger
antiproliferative effect on the malignant cell lines HCV29-T112C], Hul703He,
and T24 than on the premalignant HEV29 and Hu609 cell lines (Ottesen et al.
1990). In general, IFNY is an inhibitor of proliferation in the earlier stages of
bladder cancer (Hawkyard et al. 1993). A 2-hour incubation of MBT-2 cells
with IFNY increased their sensitivity to TNF and actinomycin D (Bahnson
and Ratliff 1990).

In bladder cancer IFNYy induced rapidly the expression of sSICAM-I
(in less than 4 hours) even after being applied for a short period (less than
10 seconds) (Jackson et al. 1992a,b; Campbell et al. 1994). It is important to
point out that this increase in sSICAM-I occurs at the expense of the membrane
antigen molecule, which decreases, and this blocks the effect of the cytokine.
Treatment with cycloheximide after IFNY increases the level of membrane
ICAM-I (Jackson et al. 1993). The excretion of SICAM-I in the urine of bladder
cancer patients may be used as an indication of successful immunotherapy
(Jackson et al. 1993).

All of these data show the high diversity in the sensitivity of different
uroendothelial cancer cell lines to the different interferons and their
combinations.

A study of the IFNY receptors in the RT4, RT112, and MGH-U1 cell lines
showed that the antiproliferative effect was not directly connected to the
absolute number of its receptors, nor with their affinity constant (Jakse et al.
1988; Hawkyard et al. 1992a).

The indirect effect of [IFNYy in bladder cancer is associated with increased
MHC class I expression and with the induction of the MHC class II antigens
necessary for the cytotoxic effector cells to exert their effect (Oliver et al.
1989; Ottesen et al. 1990; Hawkyard et al. 1991, 1994). However, IFNy did
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not induce MHC class II antigens in some bladder cancer cells (Furukawa
et al. 1996). In addition, IFNY suppressed the secretion of the human chori-
onic gonadotropin 3, which in some tumors of the bladder is associated with
increased metastatic activity and resistance to radiotherapy and chemo-
therapy (Oliver et al. 1989).

In experiments with the human cancer cell line UM-UC-9 it was found
that IFNYy increased the expression of some integrins, but the treated cells
still lose their ability to adhere to laminin. This shows that IFNy leads to
dissociation between the expression and function of some laminins (Liebert
et al. 1991).

An important step in the process of tumor invasion and metastasis is
the binding of tumor cells to the extracellular matrix of the basal membrane.
The integrins are a family of transmembrane proteins that form hetero-
dimers, some of which serve as receptors in the extracellular matrix.

Several reports show that the successful therapy of bladder cancer with
BCG (bacille Calmette-Guérin) is due to the secretion of cytokines, including
IFNy (Sargent and Williams 1992; Bohle et al. 1994; Kurisu et al. 1994), but
there also are other data that the effect of BCG exceeds the effect of the
cytokines IFNa, IFNY, and IL-2 applied separately (Pryor et al. 1995). A
stronger effect had the combination of IFNy and IL-2 or of IFNy and BCG
(Riggs et al. 1992). The same holds true for recombinant BCG secreting the
cytokines IL-2, IFNY, or GM-CSF (Murray et al. 1996b).

The growth of bladder tumors is associated with secretion of IL-4. Treat-
ment with BCG leads to a decrease in IL-4 and to increased expression of
IFNY mRNA; that is, to a favorable shift from Th2- to Thl-type cytokines
(McAveney et al. 1994).

No correlation was found between the level of IFNy in patients with
invasive or noninvasive bladder cancer, but the level of IFNy decreased with
progression of the cancer stage (Shapiro et al. 1994).

In surface cancer of the bladder the intravesicular instillation of IFNy
during 4 weeks led to a decrease of proliferating cell nuclear antigen (PCNA)
and of the proliferating cell fraction (Stavropoulos et al. 1999).

Gene immunotherapy with tumor cells transfected with IFNy and IL-2
via a retrovector was also used for treatment of bladder cancer. In mice the
growth of such a tumor is strongly suppressed and the animals also become
resistant to the primary unmodified tumor. The obtained antitumor immu-
nity is specific for the tumor type used (Hashimura et al. 1993; Connor et al.
1993). Gene immunotherapy had the strongest effect in the MBT-2 tumor cell
line after transfection of the tumor with IL-2 and GM-CSF as compared to
transfection with IL-1a, IL-1B, or IFNY. The induction of the cytotoxic T
lymphocytes did not correlate with the antitumor effect (Saito et al. 1994).

12.14 Hepatocellular carcinoma

In this section we shall only discuss the data on IFNy for hepatocellular
cancer (HCC), but not that for liver metastases of other types of cancer.
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It has been found that the spontaneous NK activity of HCC patients is
decreased. IFNy considerably increases the NK and LAK activity of the
patients, but without reaching the level that is seen in healthy controls
(Hirofuji et al. 1987). Defective LAK activity has been observed more than
6 months before the development of HCC (Saibara et al. 1993a). Some data
show that the primary cause for the defective NK and LAK activity is not
the decreased production of IFNy. Whereas 64.6% of the patients had defec-
tive LAK activity, only 2.1% had a decreased production of IFNy (Saibara
etal. 1993a). However, the role of IFNy may be seen from the difference
between two groups of patients with regard to LAK activity — those with
high activity and those with low activity. Patients with low activity had a
defect in IFNy production in contrast to those with high activity. On the other
hand, anti-IFNy antibodies suppressed this activity, whereas IFNy induced
it (Saibara et al. 1990).

The direct effect of IFNYy in in vitro experiments was manifested differ-
ently in the various HCC cell lines concerning antigen expression and its
antiproliferative activity. In the PLC/PRF/5, HepG2, Hep3B, and SK-Hep1l
cell lines IFNYy induced high levels of MHC class I but not MHC class II
(Fukusato et al. 1986; Ren et al. 1988). Both MHC class I and II were stimu-
lated and induced by IFNy in the HA22T/VGH and TONG PHC cell lines,
and none of these molecules was expressed in the HA597/VGH cell line
(Wadee et al. 1994). In experiments with the Huh6 cell line it was found that
PKC participated in the induction of MHC class I by IFNY (Towata et al. 1991).

Unlike the in vitro data cited above, no induction of MHC class I was
found after local injection of IFNy 7 days before operation in HCC patients,
but there was induction of ICAM-I (Shibata et al. 1992). IFNy also induced
ICAM-I in the hepatoma cell line HepG2 (Volpes et al. 1992). In different
cancer cell lines IFNY increased to a different extent the membrane and the
free soluble form of ICAM-I, which suppressed the MHC-independent cyto-
toxicity of NK and LAK cells (Shimizu et al. 1994; Momosaki et al. 1995). In
normal hepatocytes IFNYy did not have this effect (Saito et al. 1996). It is
believed that the secretion of the free soluble form of ICAM-I could be one
of the mechanisms through which the hepatic cancer cells escaped the local
immune control (Shimizu et al. 1994). The expression of ICAM-I and LFA-3
was increased after local injection of IFNYy, which was also associated with
increased tumor infiltration by TIL (Shibata et al. 1995).

The induction of MHC and ICAM-I molecules is associated with activa-
tion signals for CD4+ helper cells and CD8+ cytotoxic T lymphocytes. Thus,
the HA22T/VGH cell line which constitutively expresses MHC class II anti-
gens stimulates the CD4+ T lymphocytes, whereas the class [I-negative Li7A
cell line stimulates these cells only after treatment with IFNYy. Both cell lines
stimulate purified CD8+ T cells. The HepG2 cell line, which does not express
MHC class II neither constitutively nor after treatment with IFNY, is unable
to activate a proliferative response of the CD4+ and CD8+ T cells (Paroli
et al. 1994). In the HLF cell line TNF suppressed the expression of the ornithin
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decarboxylase, of histone H2b, and of the oncogenes c-myc and c-Ha-ras
(Takeda et al. 1991).

Considering the Fas-induced apoptosis and the ability of IFNY to induce
this antigen, Fas expression was studied in six hepatoma cell lines. Only two
of these cell lines showed high constitutive expression of Fas both in the
cytoplasm and on the cell surface, whereas the other cell lines expressed
mostly cytoplasmic Fas (Yano et al. 1996).

The antiproliferative activity of the interferons was different in the var-
ious hepatoma cell lines. In the HLF cell line IFNo and IFNf had a stronger
effect than IFNY. The inhibition was manifested as a blockade of the S/G2
transition, resulting in the accumulation of cells in S phase (Takeda et al.
1989, 1991). In the H7 cell line IFNY in combination with TNFp (Shiiki et al.
1990b) or with TNFa. (Shiiki et al. 1989) had a synergistic antitumor effect.
In the PLC/PRF/5 cell line TNFa. exhibited a significant antitumor effect
only in combination with IFNy (Takayama et al. 1990). In vivo experiments
were conducted on rats with Morris 3924A hepatoma implanted in the liver.
IFNY was administered by intra-arterial injection after ligation of the hepatic
artery. The application of IFNy and TNFo produced a better result, as they
suppressed tumor growth and eliminated the tumors in 60% of the animals
(Yang et al. 1995). However, in the human HCC cell line HepG2 IFNy
decreased the number of TNF receptors in a process mediated by PKC
(Aggarwal and Pardita 1994). In another experiment with a rat model of
hepatic carcinoma, it was also shown that the regional intra-arterial admin-
istration of IFNy in the liver had a greater therapeutic effect than its intra-
venous application (Codde et al. 1990).

In a clinical trial with seven patients the intravenous administration of
IFNY (8 to 24 x 10° IU/day for 5 days every other week) produced only a
partial response (Kanda et al. 1988). Here the route of administration and
the dosage do not seem to be optimal. Also, in another early clinical trial,
which was discontinued because of unacceptable toxicity, IFNy did not pro-
duce a result (Forbes et al. 1985).

We have to point out that there are several single cases of HCC remark-
ably affected by IFNy (Narita et al. 1986; Urabe et al. 1989).

Adoptive immune therapy with LAK in combination with IFNy also was
applied. A decrease in the level of o-fetoprotein (AFP) was observed, which,
however, increased again after four courses of treatment (Shibata et al. 1993).

Taking into consideration the experiments on animals (Yang et al.
1995), the locoregional therapy appears to be more promising. In humans
transarterial locoregional chemotherapy and immunotherapy with IFNy
and IL-2 (emulsified in a mixture of Lipiodol-Urografin) has been applied
for treatment of inoperable HCC. A decrease in tumor size was observed
in 14 of 20 patients, as well as a decrease of AFP to normal levels in
12 patients and an average survival rate of 18 months (4 to 22 months).
The investigators believe that this approach deserves further evaluation
(Lygidakis et al. 1995).
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12.15 Sarcomas

The role of the cytokines in the emergence and progression of tumors has
also been shown in sarcomas. Th2-type cytokines (IL-10) predominate in the
sarcoma bed of soft tissues (Spellman et al. 1996). The immunomodulator
AS101 (trichloro[dioxyethylene-O,O’]telurate) induces a change in the cyto-
kine profile in mice and in humans — a strong induction of the Th1 profile
(IL-2, IFNy, IL-12) and a significant suppression of the Th2-type cytokines
(IL-4, IL-10). This is accompanied by activation of the cytotoxic NK and LAK
cells and an antitumor effect (Sredni et al. 1996). In mice the synthesis of
IFNy by spleen cells is suppressed during tumor progression, and IL-12
restores this synthesis (Zou et al. 1995).

In the mouse methylcholantrene sarcoma (MethA) the rejection of the
tumor is associated with expression of Thl cytokines — IL-12 and an IFNy-
inducing factor, synthesis of NO, and tumor cell death by apoptosis. In this
case, mice with an inactivated IFNy gene are unable to lyse the tumor cells
(Sanchez-Bueno et al. 1996). Macrophages stimulated with IFNy also kill
MethA cells through apoptosis initiated by NO (Sveinbjornsson et al. 1996).

Blocking IFNywith antibodies accelerated the growth of MCA105 sarcoma
in mice (Doherty et al. 1996). The effective elimination of lung metastases of
this sarcoma through adoptive immunotherapy with TIL depends on the
ability of the TIL to produce IFNy and GM-CSF (Nagoshi et al. 1998).

IFNy recovers the apoptotic ability of osteosarcomas with a defective
Fas/CD95 receptor (Fellenberg et al. 1997). IFNy showed a direct antitumor
activity in vitro, as well as an indirect one in vivo in a number of sarcoma
cell lines (MG-63, SAOS-2, TE-85, G-292, CE-2, MCB-8, MSO-76) implanted
in athymic mice (Giovarelli et al. 1986; Gomi et al. 1986; Dubinett et al. 1989;
Jia and Kleinerman 1991). The combination of IFNy and IL-2 showed a
significant antitumor effect on the highly aggressive mouse sarcoma
MCA105 (Mao et al. 1995).

IFNYy induces the transcription factor IRF-1 (interferon-regulatory factor 1),
which functions as a tumor suppressor in experiments with mice implanted
with the highly aggressive sarcoma MCA105 transformed with IRF-1 cDNA.
This transformation leads to the reversion of the malignant phenotype and
to increased immune recognition (Yim et al. 1997). In addition, this factor
(recently named IL-18) also increases the NK activity of human and mouse
peripheral mononuclear cells cultured in vitro. IL-18 has a significant anti-
tumor activity on MethA implanted in BALB/c mice, which is not observed
in vitro. It also induces the immune memory by generating cytotoxic CD4+
cells (Micalef et al. 1997). There are data showing that IL-18 exerts an IFNy-
independent antitumor effect, since the latter is exhibited in mice with an
inactivated IFNy gene (Osaki et al. 1998).

The role of IFNY also is supported by the fact that tumor regression of
the mouse fibrosarcoma due to a massive lymphocyte infiltration of the
tumor is completely blocked by anti-IFNy antibodies. This is accompanied
by an inhibited synthesis of NO and of the IP-10 gene product, which is

© 2002 by CRC Press LLC



Chapter twelve: Malignant diseases 157

induced by IFNy (Yu et al. 1996a, 1997; see also Fujiwara and Hamaoka 1996)
and has an antitumor effect in vivo (Luster and Leder 1993).

The mouse fibrosarcoma FS29 is killed more effectively by the effector
lymphocytes when transformed to synthesize IFNYy or IL-2. The supernatants
of the IFNy-synthesizing cells increased the sensitivity of the unmodified
tumor cells, which was associated with increased expression of MHC in both
types of tumor cells (Flemming et al. 1997). IFNY suppressed the invasiveness
of the HT-180 fibrosarcoma through model membranes, unlike TNFo which
increased it (Schirren et al. 1992). Again in the mouse fibrosarcoma, the local
expression of IL-18 had a powerful antitumor effect (Osaki et al. 1999).

It appears that the effect of the interferons on sarcomas is also influenced
by their localization. In experiments with the mouse M5076 sarcoma both
types of interferon (yand o) prevented the formation of liver metastases. IFNy
was more active in suppressing the subcutaneous tumor growth, whereas
IFNo. was more active in suppressing the metastases (Brunda et al. 1987).

IFNy was found to have a practical application in the isolated limb
perfusion, as it did in the treatment of melanomas (see Section 12.6). The
combination of IFNYy, TNFa, and melphalan was successfully used for treat-
ment of inresectable soft tissue sarcomas. The limbs were saved in 84% of
cases followed up for 20 and 50 months (Eggermont et al. 1996). The 4-year
experience of Swiss investigators also showed a 87.7% complete remission
in soft tissue sarcomas and a 90% remission in melanomas (Lejeune et al.
1995). There also are results from a multicenter study with this method used
for the treatment of inresectable soft tissue sarcomas (Brodowicz et al. 1997).

12.15.1 Kaposi’s sarcoma

Kaposi’s sarcoma, which often occurs in AIDS patients, presents a special
case. It is characterized by the proliferation of spindle-shaped cells,
increased angiogenesis, infiltration of the lesions by leukocytes, and edema.
These processes are initiated by the secretion of bFGF and EGEF, which is
stimulated by TNF, IL-1, and IFNY (Sirianni et al. 1998). Some investigators
even believe that Kaposi’s sarcoma is in fact a malignant angioproliferative
disease associated with HHVS. The infiltrating cells (CD8+ T lymphocytes
and CD14+/CD68+ monocytes/macrophages) produce large quantities of
IFNy, which acts synergistically with the fat protein of HIV-1 to stimulate
proliferation of the endothelial cells (Fiorelli et al. 1998) and to induce them
to acquire the spindle-shaped Kaposi’s form with angiogenic properties.
Moreover, that the inflammatory cytokines induce vascular endotheoluim
growth factor (VEGF) (Samaniego et al. 1998). Thus, some investigators
believe that IFNy plays a key role in the development of this sarcoma (Fiorelli
et al. 1998), although this contradicts the data that IFNy induces IP-10, which
has angiostatic properties (Angiolillo et al. 1996; Arenberg et al. 1996).
HHVS is believed to participate in the pathogenesis of Kaposi’s sarcoma
(Sirianni et al. 1998; Zimiring et al. 1998). A G-protein—connected receptor
(GPCR), encoded by the genome of this virus, leads to oncogenic transformation.
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The IFNy-induced IP-10 chemokine specifically inhibits the signaling path-
way of the viral GPCR (Geras-Raaka et al. 1998), and Kaposi's sarcoma
patients express a phenotype dominated by IFNy (Sirianni et al. 1997).

The conclusion that can be drawn from these data is that IFNy should
not be used for treatment of Kaposi’s sarcoma.

12.16 Neuroblastoma

The neuroblastoma is the most common extracranial solid tumor that occurs
in childhood (Cornaglia-Ferraris et al. 1993). This tumor has a neuroecto-
dermal origin and contains neurons, melanocytes, and Schwann cell precur-
sors (Ridge et al. 1996). The neuroblastoma is a fatal disease resisting surgical
intervention or chemotherapy. Neuroblastomas express a wide spectrum of
tumor-associated antigens but are devoid of the MHC molecules necessary
for their presentation to the cellular immune system (Pistoia et al. 1994).

The N-myc oncogene plays a key role in the biology of the neuro-
blastoma. Most neuroblastoma cell lines have amplification or overexpres-
sion of this oncogene. Its overexpression leads to lost differentiation of
normal neuroblasts, which migrate from the neural tube during embryo-
genesis. The overexpression of N-myc also is associated with the develop-
ment of metastases. I[FNy alone (Imanishi et al. 1987; Watanabe et al. 1989a)
or in combination with retinoic acid suppresses the expression of N-myc and
induces the differentiation of the neuroblastoma cells by acting at the level
of transcription and by decreasing the half-life of its mRNA (Wada et al.
1997). The decreased expression of N-myc is inversely correlated with the
expression of the trk proto-oncogene and with growth suppression (Shikata
et al. 1994). In the human neuroblastoma cell lines GOTO and KP-N-RT
(which overexpress N-myc), IFNy suppresses the expression of the N-myc
gene and induces morphological differentiation (Watanabe et al. 1989a).

The opinion exists that there is a negative correlation between MHC
class I expression and the overexpression of N-myc. However, some data
show that the expression of these two molecules is regulated by IFNy
independently of one another (Gross et al. 1990). The neuroblastoma cells
are sensitive to lysis by NK cells, but patients with Kaposi’s sarcoma have
a very low or lack of NK activity (Reynolds et al 1989). Low doses of IFNy
render the neuroblastoma cells more sensitive to the cytotoxic action of the
LAK cells, i.e., they become more sensitive to treatment with IL-2 (Sigal
etal. 1991).

Unlike IFNo and IFNf, many studies show that only IFNyhas a powerful
differentiating effect on the neuroblastoma cells and inhibits their growth
(Imanishi et al. 1987; Parodi et al. 1989; Bruchelt et al. 1990; Higuchi et al.
1990; Lanciotti et al. 1990, 1992; Martin et al. 1993a; Ponzoni et al. 1993b,
1994). However, there are cell lines resistant to IFNy (Higuchi et al. 1989;
Ponzoni et al. 1992b). It appears that the induction of the 2"-5"-oligoadenylate-
synthetase is not sufficient to induce differentiation (Corrias et al. 1995).
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The combination of IFNY and retinoic acid has a synergistic effect on the
induction of differentiation and on the proliferation inhibition of the neuro-
blastoma cells (Ponzoni et al. 1990, 1991a,b; Wuarin et al. 1991; Cornaglia-
Ferraris et al. 1992; Lanciotti et al. 1992). The combination of IFNy and TNFa.
also has the same synergistic effect (Ponzoni et al. 1992a; Munoz-Fernandez et
al. 1994; Ridge et al. 1996), which is due in part to the induction of TNF receptors
by IFNy. This makes it necessary that the treatment should begin with IFNy
(Montaldo et al. 1994). It has to be taken into consideration that TNF stimulates
the proliferation of some neuroblastoma cell lines (SKNFI and SKNBE), an
effect which is suppressed by IFNY. There are speculations that this is due to
the induction of IFNY receptors by TNF (Favrot et al. 1991). It appears that IFNy
and TNF reciprocally increase the expression of their receptors (Ponzoni et al.
1992c). However, it was found that IFNY decreases the specific binding of TNF
to mouse macrophages (Drapier and Wietzerbin 1991), which raises the ques-
tion of the importance of the cell type for these interactions.

It seems that the use of IFNy and IFNa for the treatment of neuroblas-
toma is not advisable, considering that in some cell lines (T98G) IFNYy sup-
presses the expression of IFNa receptors (Hannigan et al. 1984).

The effect of IFNY also is due to the induction of NO (Munoz-Fernandez
et al. 1994), which is inhibited by dexamethasone (Ogura and Esumi 1996).
The IFNy-induced differentiation is associated with suppressed expression of
the antiapoptotic gene Bcl-2 (Kim et al. 1995). In some cell lines IFNy induces
apoptosis before the beginning of differentiation (Montaldo et al. 1997).

In these tumor cells IFNYyalso induces the expression of ICAM-I (Naganuma
et al. 1991). There are data that PKC (Ponzoni et al. 1993¢; Bouillon and
Audette 1994) and the Ca?*/calmodulin metabolic pathway (Bouillon et al.
1992) participate in the induction of this molecule and in differentiation. In
different neuroblastoma cell lines it was found that the induction of differ-
entiation is associated with the induction by IFNY of laminin and fibronectin.

IFNY increases the expression of MHC class I, whereas MHC class II is
rarely induced in some neuroblastoma cell lines (Lampson and Fisher 1984;
Lampson and George 1986; Gross 1987; Main et al. 1988; Sugimoto et al.
1989; Naganuma et al. 1991; Sigal et al. 1991; Ponzoni et al. 1992b). As in
other tumors, PgE2 suppresses the expression of MHC class II induced by
IFNy (Hong et al. 1991).

The indirect effect of IFNY is associated with an increase in the cyto-
toxicity of NK and LAK cells against the neurblastoma. Unlike some other
tumors (see Section 12.1), the incubation of neuroblastoma cells with IFNy
or IL-2 increases their sensitivity to lysis, and also to the antibody-dependent
cellular cytotoxicity (Handretinger et al. 1989, 1990a,b; Naganuma et al.
1991). These data show that the increased MHC class I expression is not
always associated with decreased sensitivity of the tumor cells to lysis by
NK, but that it can also lead to increased sensitivity (Handretinger et al.
1989). IFNy also increases the cytotoxic activity of the monocytes against the
neuroblastoma cells (Shimizu and Fujimoto 1990a,b). In very young children,
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however, the mechanism of NK cell activation is not completely developed,
unlike the LAK activity (Pierson et al. 1990).

The role of IFNy may be also seen from gene engineering experiments.
The subcutaneous introduction of the neuroblastoma cell line C1300, which
produces large quantities of IFNY, into A/] mice strongly suppresses the
growth of the tumor, and this effect is suppressed by a monoclonal antibody
to IFNY. At the same time, the mice also become resistant to the original
unmodified tumor cell line (Watanabe et al. 1989b). Continuous cytokine
production and phenotypic changes were also observed in other experiments
with human neuroblastoma cells transduced with IFNy (Ucar et al. 1995).
Also, retroviral constructs of N-2a neuroblastoma cells expressing IL-18
inoculated into mice become nontumorigenic and rapidly elicit immunity
against the parent cell line. Tumors developed only in mice lacking CD4+
and CD8+ T cells, which shows the role of the T lymphocytes in tumor
elimination. The immune response to IL-18 was characterized by a dominating
Thl component (IFNy and GM-CSF) (Heuer et al. 1999). Double-transduced
tumor cells expressing IFNy and GM-CSF were used for effective immuniza-
tion against neuroblastoma (Bausero et al. 1996).

In spite of all the experimental data promising a therapeutic effect of IFNy
and its combinations with TNF, IL-2, retinoic acid, and others (Cornaglia-
Ferraris et al. 1993), there are still no detailed clinical trials for its application.
A clinical trial (phase I) showed that IFNy activates the cytotoxicity of the
peripheral blood monocytes of neuroblastoma patients (Shimizu and Fujimoto
1990b). An increase in NK activity and induction of MHC class I was found
in another clinical study without, however, a significant clinical response
(Evans et al. 1989). Adoptive immunotherapy with TIL, IFNy, and IL-2 was
used for the treatment of refractory neuroblastoma in children, but the results
were not encouraging (Wexler et al. 1992).

12.17  Gliomas/glyoblastomas

In several studies it was found that the peripheral monocytes and T lympho-
cytes of glioma patients show defective production of IFNyupon stimulation.
This is considered to be the main immune defect in these tumors (Bogdahn
et al. 1986; Shimizu et al. 1986; Maleci et al. 1988; Urbani et al. 1995). The
production of IFNy induced by IL-2 is already defective in the early stages
of the disease.

Various cell lines and glioma clones show high heterogeneity with regard
to the induction of HLA-DR by IFNY, which is not due to differences in its
receptors (Piguet et al. 1986a,b; Hong et al. 1991). On the other hand, however,
it was shown that the induction depended on the dose, since it was absent
with the low doses (Takiguchi et al. 1985). Here, as with the other cell types,
IFNY also increases the expression of ICAM-I (Kuppner et al. 1990).

In a number of glioma cell lines IFNY did not show an antiproliferative
effect, but a considerable effect was obtained by its combination with dsRNA,
IFNo., or IFN (Dick and Hubbell 1987). The combination of IFNy with IFN,

© 2002 by CRC Press LLC



Chapter twelve: Malignant diseases 161

TNFa, or MDP exerts a strong lytic effect on glioblastoma cell lines in vitro
(Vita et al. 1988; Kirsch et al. 1994). IFNy combined with IFNf} was found to
be effective in multi-drug-resistant glioblastoma cell lines (Reddy et al. 1991;
Moulton et al. 1992). Glioma cell lysis by cytotoxic lymphocytes depends on
IFNYy (Dhib-Jalbut et al. 1990).

In experiments with mouse gliomas the cytotoxicity of T lymphocytes
transfected with the IFNy gene was dependent on the secretion of this cyto-
kine (Nishihara et al. 1988).

As with other tumors, the sensitivity of the glioma to lysis by LAK
decreases under the effect of IFNy due to the increased expression of MHC
class I on tumor cells (Yin et al. 1994) (see Section 12.1).

In spite of these data supporting the protective role of IFNY in this tumor
type, the clinical trials did not produce the expected results. In relatively
small recurrent tumors IFNy (2 mg/m?) administered intravenously two
times a week for 8 weeks produced a response in one of four patients.
Twelve- to 86-week stabilization was observed in the other patients (Mahaley
et al. 1988). The result was evaluated as being disappointing, although in
our opinion the dose and the scheme of administration were not the most
suitable ones.

Gene engineering approaches also are under development. The human
IFNY gene cloned in an eukaryotic vector and included in positively charged
liposomes has been used for transfection of glioma cell lines (SK-MG-1,
U-251-MG). The introduction of these cells led to a considerably stronger
inhibition of cell growth than the administration of exogenous IFNYy. The
mechanism appears to be associated with the expression of ICAM-I on the
glioma cells. The combination of this approach with LAK cells is considered
to be promising (Mizuno et al. 1992, 1994).

12.18 Hematological malignancies

Although IFNa has a much larger application in hematological malignancies,
we shall discuss some facts that define the role of IFNY. First, we have to point
out that the receptors of IFNY are expressed in the cells of almost all malignant
hematological diseases. They were found in chronic lymphatic leukemia, acute
lymphoblast leukemia, hairy cell leukemia, and promyelocytic leukemia. A
higher expression was observed in myeloproliferative, than in lymphoprolif-
erative, disorders (Watson et al. 1990). Resistance to interferons occurs often
in leukemia, especially in the acute forms (Delforge et al. 1990).

12.18.1 Chronic myelogenous leukemia

Chronic myelogenous leukemia (CML) affects the pluripotent hematopoietic
stem cells common for the myeloid, monocytic, megakaryocytic, and
erythrocytic clones. It is characterized by the presence of the Philadelphia
chromosome, a result of a reciprocal translocation between the 9th and the
22nd chromosomes (t:(9:22) (q34;q11)), which transfers the cellular oncogene
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abl from chromosome 9 to the region of breakpoint bcr in chromosome 22.
This leads to the expression of an abnormally large hybrid mRNA (8.5 kb).
Its presence detected by polymerase chain reaction (PCR) is an indication
for a minimal residual disease after treatment due to the Philadelphia chromo-
some (Opalka et al. 1991; Dhingra et al. 1992). The 210-kDa protein translated
by this mRNA has an elevated tyrosine kinase activity (see references in the
review by Ozer 1988).

This chronic period lasts for 3 to 5 years and in many cases is followed
by a blast transformation, which cannot be differentiated from acute leuke-
mia and has a rapid fatal result. According to some new data, the blast
transformation does not occur at the level of the stem cells but somewhere
along the pathway to their maturation into different clones. The defect is not
in an increased proliferation of the precursor cells but in their prolonged life
span and a higher number of additional cell divisions (see references in the
review by Clarkson and Strife 1993).

An immune deficiency was found in CML — defective NK cytotoxicity,
defective adhesion of the NK cells to the target cells, and an IFNYy deficit
(Chang et al. 1991). It is important to point out that the precursor myeloid
cells have a defect in adhesion, which is probably the reason why they appear
outside the bone marrow.

A family of transcription factors (ICSBP — a member of the IRF) which
bind to consensus sequences in genes that are induced by IFNYy are important
for the regulation of these genes. Mice with defective ICSBP show hemato-
logical changes similar to those in human CML (Giese et al. 1997). According
to some new data, such changes in ICSBP can play an important role in the
genesis of the human myeloid leukemia. Thus, no expression of these pro-
teins was found in 79% of CML cases and in 66% of acute myelogenous
leukemia (AML) cases, whereas in healthy individuals this occurred in 6%
only. Treatment of leukemia cells from CML patients with IFNy led to the
induction of ICSBP (Schmidt et al. 1998). It was found that another transcrip-
tion factor, Spi-1/Pu-1 (from the Ets family), is necessary for normal
hemopoiesis. Treatment of the K562 cell line (isolated from a CML patient
in blast crisis) with IFNy, IFNo., or IFNP leads to a four- to eightfold increase
in Spi expression and to inhibition of cell proliferation (Gutierrez et al. 1997).

IFNY (but not IFNa) strongly stimulates the expression of ICAM-I and
LFA-1 that could contribute to the therapy (Grander et al. 1994). It was also
reported that IFNY (but not IFNa) suppressed the expression of endogenous
G-CSE, which stimulates the proliferation of the precursor cells in CML
(Riedel et al. 1990).

In CML both interferons o and y show a direct antiproliferative effect
in vitro, and both act through different mechanisms, which is a prerequisite
for a synergistic effect (Rubin and Gupta 1980; Toretsky et al. 1986; McGlave
et al. 1987). In chronic granulocytic leukemia IFNy showed a synergistic and
subadditive effect in combination with 5-FU and cytosine arabinoside C
(Ara-C), respectively (Kafka et al. 1989).
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TNFo exerted a stronger antiproliferative effect than IFNY, but the latter
synergistically increased the effect of TNFo (Herrman et al. 1988).

The combination of IFNy and IFNo in in vitro experiments showed a
stronger synergistic effect — small doses of IFNY enhanced the effect of
increasing doses of IFNa (Carlo-Stella et al. 1988).

Treatment with interferons should start before the blast transformation
occurs, at which time they become ineffective. In the numerous clinical
trials with CML patients both IFNy and IFNa showed an antileukemic
activity, but the effect of IFNy was much weaker. In some clinical trials
with IFNYy there was a complete hematological remission in 23% of the
cases and partial remission in 15% (Cortes et al. 1996; Freund et al. 1996;
Kantarjian 1987a,b; Kurzrock et al. 1987; Ozer et al. 1991; Bolinger and
Taeubel 1992), whereas IFNa. produced 55 to 91% complete hematological
remissions (Thaler 1993).

Some investigators find that the combination of IFNyand IFNo produces
a stronger cytostatic effect than either applied separately (see references in
Visani et al. 1988). However, a number of trials with this combination did
not produce better results than trials with IFNa alone (Herrman et al. 1990;
Schiffer 1991; Talpaz et al. 1991; Wandl et al. 1992b; Niederle et al. 1993).
This combination led to hematological remission in 51% of the patients, to
partial remission in 24%, and there was no response in 21%. According to
some data, treatment with IFNy prior to IFNo treatment improved the
result. For example, IFNy had a minimal effect in accelerated blast crisis,
but IFNYy followed by IFNo showed an improved result. Other data also
show that patients who did not respond to one of the interferons responded
to the other (for review, see Ozer 1988). In one case, a complete hematolog-
ical remission resulted from treatment with I[FNa and IFNy in much lower
doses than those used when the interferons were applied separately (Kloke
et al. 1990).

An autologous transplantation with bone marrow treated ex vivo with
IFNY was used successfully, but it was often followed by a leukemia recur-
rence (McGlave et al. 1990, 1993).

Regardless of the very promising results with IFNo, it seems reasonable
to believe that the finding of a suitable scheme for its combination with IFNy
would improve the results. The high heterogeneity of the leukemic cells
creates a serious problem. This is illustrated by the behavior of different
leukemic cell lines, as shown by the following examples of two such cell
lines isolated from two CML patients in blast crisis. The proliferation of one
cell line — IMS-BC2 — was inhibited by IFNy and its cells died by apoptosis,
whereas the other cell line — IMS-BC1 — was resistant to this cytokine
(Nagamura et al. 1998). The proliferation of another leukemia cell line KT-1
(again isolated from a CML patient in blast crisis) was suppressed by both
IFNy and IFNo. The combination of the two cytokines had a synergistic
action (Yanagisawa et al. 1998). These examples show how different the effect
of IFNY can be in different individuals with the same diagnosis.
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12.18.2 B and T chronic lymphatic leukemias

The B and T chronic lymphatic leukemia (B-CLL and T-CLL, respectively)
are characterized by the presence of a small cellular fraction with low pro-
liferative activity and an increasing fraction of long-lived lymphocytes. It is
assumed that cells resistant to apoptosis arise with the progression of the
disease (Robertson et al. 1994).

Experiments with CLL cells cultured in vitro show that IFNy has an
inducing effect on differentiation and proliferation (Ostlund et al. 1986;
Tremisi et al. 1991; Alfinito et al. 1994) except in the absence of serum when
only differentiation is stimulated (Totterman et al. 1987). IFNy inhibits the
IL-4 receptors on human lymphocytes (Byron et al. 1991).

On the other hand, it has been shown that IFNy inhibits the apoptosis
of B-CLL cells, which prolongs their life. This is probably due to its antag-
onistic effect on IL-10, which induces apoptosis specifically in the B-CLL
cells (Fluckiger et al. 1994). An increased serum level of IFNy was found in
most such patients, since the leukemia cells also secrete this cytokine
(Buschle et al. 1993). The extent of apoptosis inhibition is greatest in the
patients” group of highest risk (Rojas et al. 1996). The stimulation of prolif-
eration and inhibition of apoptosis are probably factors which lead to an
increase in the number of leukemia cells in B-CLL.

IFNy induces the expression of the apoptotic factor Fas (see Section 3.3).
However, the CLL cells remain resistant to apoptosis even when Fas binds
a ligand, such as the anti-Fas antibody. This is possibly due to the increased
activity of the Bcl-2 gene (Panayiotidis et al. 1995).

These data do not support the application of IFNy in CLL. Clinical
trials with intravenous infusion of IFNy in CLL patients did not produce
a beneficial effect (Vadhan-Raj et al. 1986a,b), although the scheme and the
high dose of 20 x 10¢ units applied were not probably the most suitable.
In the light of these data, the results of clinical trials in Japan in which a
40% response rate to IFNy was reported were unexpected (Kobayashi and
Urabe 1988).

The antibody-dependent lytic activity deserves some consideration. The
combination of IFN with a monoclonal antibody against the Lym-1 surface
antigen led to 80% lysis of the target cells isolated from CLL patients. The
effector cells were found to be neutrophils (Cemerlic et al. 1991).

12.18.3 Acute leukemias

Two groups of facts support the role of IFNyin acute leukemia — the changes
in the production of this cytokine and its effect on this type of malignant
cells. In addition, disruptions of the metabolic pathway of IFNY, such as the
constitutive expression of STAT (see Chapter 4), could be a factor in leukemia
genesis. A transcription factor — LIL-STAT — was found to be constitutively
active in undifferentitated leukemia hematopoietic cells but not in mature
cells (Tuyt et al. 1998).
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The production of IFNy and IL-2 by peripheral mononuclear cells from
patients with acute leukemia in complete remission is higher than in those
with early recurrences (Tajima et al. 1996). The activity of NK cells and the
production of IFNyin the supernatants of cultures from lymphocytes isolated
from children with acute lymphoblast leukemia (ALL) are considerably
lower than those in healthy children (Wakiguchi et al. 1994). The PMA-
induced IFNY secretion by peripheral blood monocytes also is strongly
decreased (Nash et al. 1993).

When the GVHD (see p. 144) was used as immunotherapy for the treat-
ment of AML (Klingemann 1996), it was noted that the serum level of IFNy
and neopterin were increased, which is dependent on the presence of
T lymphocytes in the transplant (Ferm et al. 1996).

A number of experiments with different forms of acute leukemia —
stable cell lines (HL-60, U-937, RC-2A, ML-1) as well as primary cultures of
blast cells from AML — have shown that treatment with IFNYy induces
cellular differentiation and inhibits their growth (Ball et al. 1984; Koeffler et
al. 1984; Takei et al. 1984; Harris et al. 1985; Matsui et al. 1985; Rigby et al.
1985; Lyons and Ashman 1987; Dubreuil et al. 1988; McCachren et al. 1988;
Stella et al. 1988; Testa et al. 1988; Craig and Buchan 1989; Howell et al. 1990;
Iwanami et al. 1990; Nakamaki et al. 1990; Hassan et al. 1995) In an experi-
ment with ALL IFNY also caused apoptosis (Grawunder et al. 1993). There
are data showing that in blast cells from AML IFNy can exert a growth-
stimulating effect in the presence of hematopoietic growth factors (IL-3)
(Murohashi and Hoang 1991). In the HL-60 and U-937 cell lines the activity
of INFywas also increased when it was combined with antineoplastic agents
such as 5-FU, Ara-C (Kafka et al. 1989, 1990), methotrexate (Sur et al. 1991),
and other cAMP-inducing agents (Iwanami et al. 1990).

There are data showing that differentiation of these cell lines is accom-
panied by reorganization of the microtubular network (Treon et al. 1991).

In the same cell line, HL-60, IFNY suppressed the cellular oncogene c-myc
and also induced cellular differentiation to mature macrophages (Matsui
et al. 1985). In the same time it increased the expression of HLA-DR (Sariban
et al. 1987).

The HL-60 cell line expresses CSF-1 (colony-stimulating factor-1) under
the effect of IFNY, and thus the combination of the two cytokines induces
terminal cell differentiation (Vassiliadis and Guilbert 1991).

The combination of IFNy and TNFa exerts a synergistic effect on cell
differentiation and growth inhibition in acute leukemia cells (Broxmeyer et
al. 1986; Price et al. 1987; Takuma et al. 1987; Weinberg and Larric 1987;
Herrman et al. 1988; Craig and Buchan 1989; Geissler et al. 1989; Ruth et al.
1989; Nara 1991). A synergistic effect also has combinations of IFNy and
retinoic acid (Gullberg et al. 1985; Hemmi and Breitman 1987; Trinchieri et
al. 1987; Ruth et al. 1989; Peck and Bollag 1991; Ferrero et al. 1992; Kumar
and Korutla 1995; Geary and Ashman 1996; Gianni et al. 1996), IFNy and
1,25 — vitamin D; (Gullberg et al. 1985; Matsui et al. 1985; Murao et al. 1985;
Toshimitsu et al. 1985; Ball et al. 1986; Weinberg et al. 1986; Kelsey et al.
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1994). It was shown in experiments with the U-937 cell line that the differ-
entiation under the effect of IFNYy, TNFa, 1,25-vitamin D,, and retinoic acid
is accompanied by the expression of the cytochrome b-558 subunit (Kikuchi
et al. 1994).

It has been reported that IFNy enhances the lytic activity of adenosine
triphosphate (ATP) on AML blast cells. The investigators conclude that the
combination of ATP and IFNY could be a potential therapeutic regimen
(Blanchard et al. 1993; Spranzi et al. 1993).

The various cytokines may lead the process of differentiation into dif-
ferent directions. Thus, in primary cultures of AML cells IFNY in the presence
of retinoic acid leads to monocytic differentiation, whereas IFNa. induces
granulocytic differentiation. In acute megakaryocytic leukemia IFNy stimu-
lates monocytic differentiation of the blast cells, whereas IFNo and IFNP
direct the differentiation toward megakaryocytes (Hassan et al. 1995). This
pluripotentiality of the leukemia cells shows that, at least in some cases, the
malignization occurred at the level of stem cells. In the acute promyelocytic
leukemia NB-4 cell line the combination of interferons and retinoic acid
inhibited the growth synergistically by inducing the retinoic acid o receptor,
which was not induced by each agent applied separately (Kumar and
Korutla 1995). There is an interesting observation that AML patients often
are infected with post-transfusional hepatitis, which prolongs their life. Data
show that this is due to the increased release of LPS and increased secretion
of IFNy and TNFo (Treon and Broitman 1992).

The expression of MHC antigens, which are necessary for specific sig-
naling, and also of the nonspecific costimulatory molecules B7-1, B7-2, and
ICAM-I, showed high variability in different cases. Examination of this
expression in 94 leukemic samples showed expression of B7-1, B7-2, ICAM-],
and MHC class I in 5, 22, 16, and 100%, respectively. In AML B7-1 was
expressed in only one case (Hirano et al. 1996a). Increased expression of
MHC class I was observed after treatment of ALL cells with IFNy (Guha et
al. 1993). In ATL (acute T-lymphoblastic leukemia) IFNY induces resistance
of the malignant cells to LAK lysis (Cesano et al. 1993) (see Section 12.1).

As in solid tumors, here also IFNyinduces the expression of MHC class 11
antigens (mostly HLA-DR) (Koeffler et al. 1984; Weinberg and Larric 1987;
Lecchi et al. 1989; Willheim et al. 1995; Hirano et al. 1996a). In the promono-
cytic cell line THP-1 this induction occurs with the participation of PKC
(Gumina et al. 1991), and in the HL-60 cell line through the Ca?*/calmodulin
pathway without the participation of PKC (Koide et al. 1988). The emergence
of the cellular subline U-937 (designated as C119/9) shows how different
can be the changes associated with malignant transformation. Unlike the
parental cell line, in this new subline IFNY suppresses the induction of these
antigens when induced by TNFa (Willheim et al. 1995).

It deserves mentioning that in AML patients the CD4+ T cells that
express HLA-DR under the effect of IFNYy are capable of suppressing erythro-
poiesis (Hansz et al. 1992).

© 2002 by CRC Press LLC



Chapter twelve: Malignant diseases 167

In leukemia cells IFNY induces the apoptotic surface antigen Fas and
ICAM-I (Munker and Adreeff 1996), but this expression is heterogeneous
concerning both constitutive and IFNy-induced expression (Heil et al. 1994).
IFNY and M-CSF in combination increase the expression of ICAM-I and
TNFo and also the cytotoxicity of the monocytes toward target cells (Kimball
et al. 1995). An increase in LFA-1 and ICAM-I expression caused by IFNy
was also found in the esinophilic leukemic cell line Eol-3 and in U-937 but
without the participation of PKC and cAMP (Nambu et al. 1992). In the
leukemic cell line U-937, IFNy and M-CSF synergistically with 1,25-vitamin
D; increase the secretion of neopterin by the monocytes — a sign of their
immunostimulation (Kelsey et al. 1994).

The few experimental data with the HL-60 cell line on the effect of IFNYy
on c-myc expression are contradictory. A lack of effect (Dubreuil et al. 1988;
McCachren et al. 1988) as well as suppressed expression of this oncogene
(Yuan and Shen 1994) have been reported.

The sensitivity of the leukemic cells to the monocytic cytotoxicity varies
during the different phases of the cell cycle. In the HL-60, U-937, and THP-1
cell lines the cells were most sensitive in G1 and least or not at all sensitive in
the S, G2, and M phases. This is associated with the expression of 3,-integrins
on the surface of the cell, which is the highest during the G1 phase (Van de
Loosdrecht et al. 1993b).

The tumorogenicity of AML cells transfected with the IFNy gene in mice
is strongly decreased and the life expectancy of the mice is considerably
increased (Morecki et al. 1998).

We found few data on the clinical application of IFNY in acute leukemia.
In AML and MDS patients the continuous intravenous infusion of IFNy in
doses of 2 x 10°¢ to 20 x 10° IU/day for 14 days has led to severe toxic side
effects and a lack of hematological remission (Stone et al. 1993).

Children in remission from acute leukemia were treated subcutaneously
with doses from 1 x 10 to 7.5 x 10° IU/m? for 14 days, followed by application
three times a week. In one child this resulted in a hematological response,
and two children were stabilized for 138 and 148 days. Some side effects were
reported — one reversible kidney insufficiency and one death from gastro-
intestinal hemorrhage due to thrombocytopenia (Mahmoud et al. 1992).

An attempt was made in children with acute leukemia to control with
immunotherapy (IL-2 and IFNYy in low doses) the residual minimal disease
after chemotherapy or autologous bone marrow transplantation. An
increase in the average remission period was found (Baumgarten et al. 1994;
Kolecki et al. 1994). Phase I/1I clinical trials were also conducted in children
with acute leukemia in order to control and extend the remission following
autologous bone marrow transplantation. The conclusion was that this is a
promising therapeutic approach (Baumgarten et al. 1991). Of four patients
with AML, in one patient the intravenous administration of IFNYy has led
to a shift of the leukocyte profile from immature blast cells to maturing
myeloid cells, and in another patient there was a complete hematological
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remission. These data show the potential possibilities for treatment of some
patients with IFNy (Beran et al. 1987). IFNy strongly stimulated the NK
activity in immunocompromised ALL patients (McKolanis et al. 1991).

With regard to the combination of IFNy and IFNo, there is an opinion
that it is more toxic and less effective than IFNo administered alone (Ozer
1991). The combination of IFNa and low doses of INFy used in myelo-
proliferative diseases led to an increased titer of antinuclear antibodies in
72% of the patients and symptoms of systemic lupus erythematosis (SLE)
appeared in 3 out of 25 patients (Wandl et al. 1992a).

12.18.4 Lymphomas

Experimental data demonstrate the role of IFNy in protecting the organism
against the emergence of lymphomas. In experiments with C57BL/Ka mice
the total exposure to ionizing radiation led to the appearance of T-cell lym-
phomas in 90% of the animals. The injection of IFNYy after exposure to
irradiation inhibited the appearance of lymphomas (Boniver et al. 1989). The
expression of the human HTLYV, the virus which causes T-cell lymphoma/
leukemia, has been found to be inversely proportional to the constitutive
production of IFNy (Moore et al. 1985).

The data on the skin form of the T-cell lymphoma are interesting. It
represents an invasive growth of CD4+ T helper lymphocytes expressing a
Th2 cytokine profile (IL-4 and IL-5) and a defective Thl profile (IL-2 and
IFNY). This also applies to its leukemic form (Cezari’s syndrome) (Vowels et
al. 1994; Yagi et al. 1996; Rook et al. 1997) and to another skin form, mycosis
fungoides (Hansen 1996), in which the progression is associated with
decreased expression of IFNy and increased expression of IL-10 (Asadullah
et al. 1996).

These data support the expectation that IFNy could change the cytokine
profile and may lead to a beneficial effect. Such an effect has been shown in
clinical trials. A group of Japanese investigators reported a curative response
in 67% of mycosis fungoides patients treated with IFNy (Kobayashi and
Urabe 1988). Others also found such a treatment for the dermal form of
T-cell lymphoma to be effective (Kaplan et al. 1990). The combination of
IFNy and local hyperthermia has also been applied successfully (Nakayama
et al. 1989). The intratumoral administration of IFNy also produced a healing
effect in mycosis fungoides (Yamamoto et al. 1995). We should mention the
unusual fact that in the EL-4 T-cell lymphoma, which expresses a high level
of IFNy receptors, IFNy increases cell proliferation (Fassio et al. 1988).

It also is of interest that IFNY has a different effect in the different stages
of malignant B-cell proliferation. Thus, in the RAMOS-1 Burkitt’s lymphoma
cell line IFNy suppressed proliferation and induced apoptotic death, whereas
in the KM-3 B cell progenitor cell line it did not have such an effect (Trubiani
et al. 1994). Contrary to these data, in another experiment it was reported
that IFNy inhibited the p53-induced apoptosis in Burkitt’s lymphoma
(Sangfelt et al. 1996).
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In clinical trials conducted in Japan treatment of non-Hodgkin’s lym-
phoma and Burkitt’s lymphoma with IFNY resulted in a clinical response in
16.7 and 11.8% of the cases, respectively (Kobayashi and Urabe 1988). Partial
response was observed after treatment with IFNy and IL-2 in combination
(Redman et al. 1990). In children this combination in low doses was applied
to maintain the remission following autologous bone marrow transplanta-
tion (Kolecki et al. 1994).

12.18.5 Myelodysplastic syndrome (MDS)

The myelodysplastic syndrome (MDS) is a disorder with various manifes-
tations resulting from disturbed clonal hematopoiesis of the hematopoietic
stem cells. It is characterized by pancytopenia and progression, which can
widely vary from a relatively benign, slowly progressing disease to a fast-
progressing, life-threatening cytopenia or AML (Greenberg 1991, Heyman
1991; Kizaki and Koeffler 1992).

Because the maturation of the stem cells is disturbed, it is logical to include
in the treatment of this disease factors stimulating cell differentiation, such as
IFNY, IFNa, retinoic acid, and vitamin D; (Greenberg 1991; Yoshida et al. 1991).

It was found in in vitro experiments that IFNystimulated the differentiation
of blast cells from patients with acute nonlymphatic leukemia and MDS (Stella
et al. 1988). The effect was increased additively in combination with vitamin
D; (Tohyama et al. 1989). Other experiments show that IFINy cannot recover the
defective NK function of MDS patients, but it can stimulate the suppressed
cytotoxicity of the polymorphonuclear leukocytes (De Santis et al. 1992).

In most MDS patients IL-12 and IL-2 in combination increased the pro-
duction of IFNy and TNFa. by the free mononuclear cells (Ogata et al. 1995).

The effect of IFNYin clinical trials appeared to be generally weak (Greenberg
1991). After treatment with low doses (0.01 mg/m? subcutaneously every other
day for 1 month) a slight improvement in the growth of the precursor cells
was observed in vitro (Rosti et al. 1989). In another clinical trial with higher
doses (0.1 mg/m? subcutaneously every day) there was neither a complete
nor a partial response (Schwarzinger et al. 1990). In a trial with 30 patients
treated with high doses of 0.1 mg/m? and with low doses of 0.01 mg/m? three
times a week encouraging results were obtained. This justified the belief that
this type of therapy for MDS was promising (Maiolo et al. 1990).

In spite of the scarce data, it appears that the effect of IFNy in MDS is
very poor unless it is assumed that here, as in the other malignant diseases,
the optimal dosage, combination, and regimen of administration have not
yet been found.

12.18.6 Multiple myeloma (MM)

Multiple myeloma (MM) is a fatal disease for which there is no successful
chemotherapy. It makes up to 10 to 15% of the hematological neoplasias in
the United States (Niesvizky et al. 1993).
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Initially, MM was believed to be a neoplasia of differentiated plasma
cells, but in fact it turned out to be a heterogeneous population of cells
originating from much earlier stages of B-cell development even before their
determination and maybe at the level of stem cells. Thus, MM represents a
mixture of cells arrested at different stages of B-cell differentiation. Over-
expression of the antiapoptotic gene Bcl-2 is found in almost all myeloma
cell lines as well as in clinical samples (Niesvizky et al. 1993). In addition,
IL-6 plays a central role as a growth factor and the production of this cytokine
is increased in MM patients (King and Nelson 1989; Gottlieb et al. 1990;
Bataille and Klein 1993; Niesvizky et al. 1993; Portier et al. 1993; Huang and
Vitetta 1995; Palumbo et al. 1995a; Shima et al. 1995). Cell lines independent
of IL-6 have also been obtained (Jernberg-Wiklund et al. 1991).

IFNY as a Thl cytokine suppresses the expression of IL-6. According to
some studies, this is probably due to the fact that the different transcription
factors activated by these two cytokines bind to common DNA sequences
(Yuan et al. 1994). Due to this competition, it is logical to expect a beneficial
effect of IFNY. A number of experimental data show that IFNYy as well as
antibodies against IL-6 suppress the proliferation of MM cells and decrease
the number of viable cells (Einhorn et al. 1988; Jernberg-Wiklund et al. 1991;
Bataille and Klein 1993; Portier et al. 1993; Ogata et al. 1994; Palumbo et al.
1994). They also suppress the synthesis of IgE (Matsumoto et al. 1991). That
IFNY exerts its inhibitory effect by suppressing IL-6 can be seen from the fact
that MM cell lines independent of IL-6 are resistant to IFNY (Jernberg-Wiklund
et al. 1991; Palumbo et al. 1995a) (see Chapter 3, Figure 3.3). The effect of
IFNY is probably due also to the suppression of IL-6 receptor and to a
blockade of its metabolic signaling pathway (Palumbo et al. 1995a). Some
data have to be considered that IFNYy increases IL-6 production by monocytes
if the cells are previously treated with LPS (Biondillo et al. 1994).

Regardless of the logical expectations resulting from these experimental
data, the few clinical trials did not produce the expected result. The first
clinical data from the application of interferons for treatment of MM are
summarized elsewhere (Ohno et al. 1987), with the conclusion that these
cytokines, especially IFN, have a certain effect. In 15 MM patients IFNy was
administered in daily doses of 0.125 to 0.5 mg/m? without a response — only
one patient’s disease was stabilized for more than 16 months (Quesada et al.
1988). In another clinical trial the combination of IL-2 and IFNy did not cause
tumor regression in MM patients resistant to chemotherapy, although it led
to an increase and activation of NK cells (Pecherstofer et al. 1994). However,
IFNY increased the antitumor effect of the autoimmune GVHD (see Section
12.1) induced by cyclosporine A (Noga et al. 1992). The combination of IFNy
with retinoic acid seems justified, since it also suppresses the growth of MM
cell in vitro (Palumbo et al. 1995b). In Japan clinical trials for treatment of MM
with IFNY resulted in a 11.8% response (Kobayashi and Urabe 1988).

Due to the limited clinical experience and the lack of an optimal scheme,
dosage, and combination it would be still early to conclude (Schwarzinger
et al. 1988) that IFNY is not effective in MM.
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12.19  Conclusions on the use of IFNy in malignant diseases

We may draw the following general conclusions without respect to all other
types of neoplasia, where the results are more or less similar:

1. Theoretical considerations and all experimental data on cancer cell
lines in vitro and on animal models in vivo show that IFNYy as well as
the whole group of Thl cytokines have an antitumor activity which
is manifested both directly and indirectly through the activation of
the cellular immunity and the suppression of angiogenesis.

2. IFNY has an optimal dosage of activity and schemes of application
that have not yet been well determined for different malignancies. It
appears to be more effective when intermittently administered
(instead of long-term continuous infusion), or when it is applied
locally and in combination with other cytokines and cytostatics, as
well as upon neoadjuvant (preoperative) administration.

3. Several single cases of a unusually effective antitumor activity of
systemically administered IFNYjustify its clinical use, considering the
fatal issue of most of these diseases.

4. Different reasons may be discussed for the lack of a final antitumor
result in the clinical trials:
® The heterogeneous composition of the tumors comprising both

sensitive cells and cells resistant to [FNy due to different mutations
and different gene variants (for review, see Kwiatkowski 2000). The
absence of a direct effect in a number of cases is due to the develop-
ment of many different cell lines in the process of carcinogenesis
and during tumor progression. They contain various mutations
affecting the signaling metabolic pathway of IFNY, beginning with
its receptor. A high quantitative heterogeneity is found in the
expression of IFNYy receptors in malignant hematological diseases
(Watson et al. 1990). Of 77 different malignant cells studied,
6 leukemia cells of lymphoid origin did not express the IFNY re-
ceptor (Ucer et al. 1986). Also, in other studies it was shown that
malignant cells lacking IFNYy receptors were not sensitive to IFNy
(Fassio et al. 1988). Disruptions in the IFNy metabolic pathway also
were found. For example, the lack of MHC class I stimulation by
IFNy in some tumors, such as the methylcholantrene sarcoma in
mice, is due to disruptions in the Jak/Stat signaling pathway (see
Chapter 4) (Svane et al. 1997). Mutants with a genetic defect in Jak-1
do not respond to any of the three interferons (Loh et al. 1994). The
lack of antiretroviral effect of IFNY is also due to a defect in the
induction of the JAK/STAT metabolic pathway (Bovolenta et al.
1999). The mutations that lead to IFNY resistance in breast cancer
disturb the relationship between cdk2 kinase, cycline E, and the
level of p27, so that IFNY cannot inhibit the hyperphosphorylation
of pRb and block the cell cycle (Harvat et al. 1997). Mutants with
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a defect in the metabolic signaling pathway leading to IDO syn-
thesis were also resistant to IFNy (Feng et al. 1991).

¢ Disturbances in the IL-2 metabolic pathway preventing IFNYy to
induce LAK activity (Shiiba et al. 1986).

¢ Disturbance in the molecular mechanisms leading to apoptosis of
the malignant cells.

¢ Poor vascularization, especially in tumors of large size, which pre-
vents the access of the cytokine to all tumor cells. The large tumor
mass can also play a negative role creating hypoxia, especially in
necrotic regions. Hypoxia makes the cancer cells more resistant to
the antiproliferative activity of the interferons (Naldini et al. 1995).

® Suppression by tumor cells of TIL cell locomotion and their pene-
tration through the cellular matrix (Applegate et al. 1990).

¢ Tumor localization in organs where the access of IFNy after its
parenteral administration is limited, such as the brain and the
alveoli of the lung (see Chapter 8).

¢ Resistance to IFNy arising after long contact of the cells with this
cytokine (and also with IFNa), which has been observed in cell
cultures (see Einhorn and Grander 1996). This could explain clinical
trials where the initial antitumor effect was followed by a resumed
tumor progression. There are two possibilities that could explain
this result — the selection of resistant cells in the heterogeneous
cell population and/or IFNY suppressing the expression of its
B-receptor chain (Bach et al. 1997).

¢ Shedding of soluble receptors. For example, sSIFNYR or sICAM-I,
which bind the corresponding ligands in solution and prevent the
contact between target and effector cells, thus blocking the immune
reaction (Dummer et al. 1994; Kooy et al. 1998).

¢ Shedding of soluble Fas, which blocks the apoptosis induced by
anti-Fas ligands. For example, a primary nonmetastatic melanoma
cell line, WM793, and its highly metastatic variants, PIN1 and
P2N1, did not differ in their surface Fas expression nor in their Bcl-2
expression, but the metastatic cell lines secreted a tenfold higher
level of soluble Fas (Angelo et al. 1994).

® Decreased anti-Fas sensitivity was observed with tumor progres-
sion of melanoma (Meterissian et al. 1994).

¢ The expression of Fas ligands (FasL) on the surface of the tumor
cells (melanoma) leading to the apoptotic death of TIL which ex-
press Fas. Thus, an immune privilege of the tumor arises (Hahne
et al. 1996; Naujokat et al. 1999).

¢ Intracellular superoxide anions in the tumor cells can prevent the
Fas-induced apoptosis in cells that are constitutively sensitive to
such a death. Thus, oxidative stress can increase the resistance of
the tumor cells to apoptosis (Clement and Stamenkovic 1996).

¢ Because the identification of the tumor cells occurs through antigen
recognition mediated by the MHC molecules, the inability of
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tumors to initiate an immune response may be due to the lack of

costimulatory signals to the T lymphocytes. The absence of such

signals prevents T-cell activation and induces a state of immune

tolerance of the tumor (Guckel et al. 1996).
¢ The synthesis of proteins that block the effect of IFNYy. In some

cancer cell lines a factor (YY1) was discovered that binds to the

IFNy promoter and blocks IFNY expression (Ye et al. 1996). Other

malignant cells (of the colon, breast, and lung) secrete a factor that

prevents their lysis by NK cells and is not connected with the level
of IFNy (Marubayashi et al. 1991). Sone malignant melanomas and
colorectal cancer cell lines (G361, colo320, HT-29) also suppress

LAK activity by producing factors inhibiting their generation

(Guillou et al. 1989). Cancer cell lines may also express a negative

regulator of transcription which suppresses DNA-binding factors

that regulate the synthesis of IFNy (Petricoin et al. 1994). In some
ovarian and cervical tumors it was found that protein synthesis
makes them resistant to IFNY. Inhibition of protein synthesis re-

covers their sensitivity to this cytokine (Massad et al. 1990).
¢ The tendency to apply maximum tolerated dose (MTD) of IFNy in

clinical trials leads to the opposite effect, considering that this

cytokine has an optimal concentration of activity.

* An anergic state of the organism. For example, IFNYy increases the
phagocytic and bacteriocidal activities of the alveolar macrophages
in tuberculin-positive patients with lung cancer and tuberculosis.
However, in tuberculin-negative (anergic) patients this cytokine
was without effect (Kawatsu et al. 1991).

Some of these negative factors could be eliminated, others could
not, but the possibility, how small it may be, of obtaining a beneficial
effect justifies the use of IFNy in malignant diseases, provided that it
is not contraindicated.

With the exception of some cases of active tuberculosis (see Section
10.2.1.1.1), the induction of IFNy-neutralizing antibodies in the organ-
ism has not been observed, as is the case of IFNo (Einhorn and
Grander 1996), and so this factor does not play a role. The high toxic
doses necessary to reach an effect with IFNa (Einhorn and Grander
1996) probably do not have the same importance for IFNY, considering
the need of an optimal concentration that is lower that MTD.

5. It is justified and necessary to continue the scientific research on the
molecular mechanisms of IFNy activities, of the mechanisms of
resistance, and of the optimal regimens for its administration in
malignant tumors.

6. The possibility of immunoprophylaxis of cancer with interferons
deserves special attention, as it has been pointed out by some investi-
gators, who discuss the problem of the preventive use of interferons
(Einhorn and Grander 1996; Tannenberger and Hrelia 1996). IFNy
would have an advantage in this approach due to the possibility of
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using lower doses and the data from animal experiments showing
the prevention of carcinogenesis by this cytokine (see p. 115).

7. Of special interest for the prophylaxis of metastases under low
tumor load is the use of liposomal IFNy with muramyl peptides for
systemic activation of the macrophages (Fidler et al. 1989; Philips
1989; Fidler 1990).
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chapter thirteen

General conclusions

Immune interferon (INFy) is one of the key cytokines, because it has several
important functions in the defense of the organism against foreign patho-
gens. This defense is effected by stimulating cellular immunity (mainly the
macrophages) and by maintaining the domination of T helper 1 (Th1) func-
tion over that of the Th2 lymphocytes. In addition, this cytokine modulates
gene activity by activating the expression of some genes and suppressing
the function of others.

These properties of IFNY determine its various activities — antiviral,
antibacterial, antiproliferative, antitumor, and antiallergic. An important
peculiarity is that these activities are manifested at optimal concentrations
of IFNy, and the maximum tolerance dose (MTD) is not a suitable dose.

Due to its various activities, IFNy can be used to treat different diseases:
viral, bacterial, malignant, and metabolic disorders. However, this does not
mean that it is a universal curative drug. Its application should be in accor-
dance with the cytokine profile of the disease and the known experimental
and clinical results. Based on the available data, four groups of diseases can
be differentiated from the point of view of using this cytokine and in general
the Th1 cytokines for stimulating the body’s cellular immunity:

Group A. Diseases in which IFNy has a proven curative effect. Examples
of such diseases are:

Anumber of viral infections (e.g., those caused by herpes simplex 1 and 2,
herpes zoster, human papillomaviruses (condylomata acuminata),
adenoviruses, respiratory viruses, including influenza and others.

Bacterial infections such as, for example, those caused by mycobacteria.
It is believed that IFNYy is the only cytokine that can successfully fight
tuberculosis mycobacteria.

Protozoal infections such as leishmaniasis.

Fibroproliferative diseases such as systemic sclerosis, scleroderma, idio-
pathic pulmonary fibrosis, and others.

Metabolic disorders such as chronic granulomatous disease, allergic states,
osteopetrosis, and others.
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Group B. Diseases where IFNY has a certain, although variable effect,
and does not lead to a final recovery with the present methods of
administration or the clinical data are contradictory. Examples of such
diseases are:

Some malignant diseases such as renal cell carcinoma, melanoma, sarcoma,
(applied in isolated limbs), and probably in breast cancer to enhance
graft-vs.-host disease.

Some viral infections such as that caused by the human immunodeficiency
virus, in which it has no curative effect but can prolong the asympto-
matic latent period.

Metabolic disorders such as rheumatoid arthritis in which the data are
controversial and others.

Group C. Diseases in which there are experimental and theoretical rea-
sons to expect an antitumor, antiviral, and antibacterial effect, but there
are not enough clinical data and the optimal dosage, combinations,
and regimens of administration have not been established. Examples
of such diseases are:

Malignant tumors (tumors with viral etiology such as cervical cancer,
laryngeal cancer), neuroblastoma, interleukin IL-6—dependent multiple
myeloma, and others.

Viral papillomas such as laryngeal papillomas and others caused by human
papillomaviruses.

Bacterial infections such as those caused by chlamydia.

Group D. Diseases in which IFNY is contraindicated. Presently such
diseases are multiple sclerosis, Kaposi’s sarcoma, and possibly psoriasis
and systemic lupus erythematosus.

It is evident that more experimental data and clinical trials are needed
to complete the list of diseases in the different groups. More experimental
studies also are needed to increase the stability of the pharmaceutical INFy
preparations and for obtaining suitable liposomal, inhalation, transdermal,
and other pharmaceutical formulations.
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