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THE PHENOMENON of viral interference, first de-
scribed in 1935,! is the ability of one virus to interfere
with the replication of another (challenge) virus. Thus,
the quest was underway for the mediator of viral inter-
ference for over 20 years before Isaacs and Lindenmann
assigned the name interferon (IFN) to it in 1957.2 Their
discovery of a soluble antiviral factor released from
chick chorioallantoic membranes after exposure to a
heat-inactivated influenza virus was the beginning of
IFN research. IFNs are now recognized to be low molec-
ular weight proteins and glycoproteins that affect a vari-
ety of functions in animal cells, including virus replica-
tion,> cell growth,>* and the immune response.’ It is
likely that the cells of all vertebrate animals are capable
of producing IFNs.® To qualify as an IFN, a viral inhibi-
tor must have virus-nonspecific antiviral activity in at
least homologous cells through cellular metabolic pro-
cesses that involve the synthesis of both RNA and pro-
tein.’

This discussion, the first part of a two-part series, re-
views the sources of IFNs, IFN induction processes, and
the antiviral, antiproliferative, and immunomodulatory
properties of IFNs. The second part will review the re-
sults of antiviral and antitumor clinical trials with IFNs.
This will be followed by a discussion of pharmacoki-
netics, doses, and side effects of IFN therapy. Last, the
IFN systems of domestic animal species and present and
future clinical applications of IFN in veterinary medi-
cine will be discussed. These articles are not intended to
be a complete review of the IFN literature, which would
be inappropriate for a clinical journal. Instead, they are
intended to be concise summaries, aimed at the veteri-
nary internist, with emphasis on clinically relevant
topics. Specific articles and more extensive reviews are
referenced for the interested reader.
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Classification of IFNs

Alpha, beta, and gamma (also known as leukocyte, fi-
broblast, and immune, respectively) are the three known
species of IFNs. Alpha and beta IFNs are collectively
called Type I IFNs, and can be produced by virtually all
nucleated cells.® In in vitro IFN production, alpha IFN is
the major species released from stimulated leukocyte or
lymphoblastoid cultures, whereas beta IFN is usually
produced by fibroblasts or epithelial cells. Viruses, syn-
thetic polynucleotides, bacteria, bacterial products, for-
eign nucleic acids, and certain polymeric chemicals can
be used to stimulate production of alpha and beta IFNs.’
Gamma IFN, also called Type II IFN, is a true lympho-
kine because it is released from T-lymphocytes after
stimulation with mitogens, antigens, or interleukin-2
(TL-2)."%"" Alpha, beta, and gamma IFNs differ in their
antigenic, biologic, and physicochemical properties. As
a general rule, alpha and beta IFNs are acid stable,
whereas gamma IFNs are acid labile.'>'? However, there
are some acid labile alpha IFNs.'* IFNs may be either
proteins or glycoproteins, depending on their species of
origin and whether they are produced naturally or re-
combinantly. Human alpha IFNs are most likely pro-
teins (vs. glycoproteins), since no carbohydrate was de-
tected on analysis of ten homogeneous natural human
alpha IFNs and there was no N-glycosylation site on the
molecules.'*'¢ However, O-glycosylation cannot be ex-
cluded." It appears, however, that mouse, rat, cow, and
rabbit alpha IFNs are glycoproteins.!"'”!"® Human and
bovine beta and human gamma IFNs are glycoproteins,
but bovine gamma IFNs are not glycosylated.'” Al-
though IFNs produced bacterially lack carbohydrate
moieties, the oligosaccharide side chains are probably
not essential for biological activity.!>?

The human genome contains at least 15 to 17 differ-
ent alpha IFN genes, two or more beta [FN genes, and
two gamma IFN genes.?'-?® These genes code for the
production of structurally distinct polypeptides, and are
the basis for the diversity of subspecies of IFNs. How-
ever, whether all of the different genes are actually ex-
pressed (i.e., transcribed and translated) during physio-
logic encounters between viruses and cells has not yet
been determined. Among IFNs from domestic animal
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species, the bovine IFNs constitute the group about
which the most is known presently. Bovine alpha IFN
genes have been grouped into the following two homolo-
gous, but distinct classes: (1) class 1 (containing ten to 12
members) and (2) class 2 (containing 15 to 20
members).?’ The bovine beta IFN gene family consists
of at least five members,*® whereas only one bovine
gamma IFN gene has been identified.?' Four of the bo-
vine alpha genes, three of the beta genes, and the gamma
gene have been cloned and expressed in Escherichia
coli.?3' Leung and coworkers explored the beta IFN
gene families of several animal species recently and
found that whereas the human, mouse, and cat genomes
contain single beta IFN genes, those of the cow, horse,
and pig have multigene families for beta IFN.** Genes
have been identified for four subspecies of equine alpha
IFN and one equine beta IFN.*? Two equine alpha IFN
genes and one equine beta IFN gene have been cloned
and expressed in E coli.** Differences in the biological
activity of subspecies of veterinary IFNs have not been
investigated. Human alpha IFN subspecies can differ
quantitatively in their antiviral activities up to 200-
fold,** and in the target cells of their cross-species activi-
ties. 3436

Sources of IFNs

Large-scale production of IFNs can be accomplished
both by natural methods and through the use of recom-
binant DNA technology.?’"* Naturally derived (‘‘na-
tive””) IFNs are produced by stimulating various cells in
culture, and purifying the IFN from the culture super-
natants subsequently.*® Recombinant IFNs can be pro-
duced with high specific activities (expressed as units per
milligram of protein) and high degrees of purity. Natural
IFNs are less concentrated usually and may contain a
mixture of IFN types and other lymphokines,*' which
can be more or less desirable, depending on the intended
therapeutic use.

Although human IFNs from both sources are avail-
able in ample supply for human research use and clini-
cal trials,***? this is not true for most veterinary IFNs.
Several animal (bovine, porcine, and equine) leukocyte
IFNs have been produced in small amounts,***® and
methods have been developed recently for large-scale
production of bovine leukocyte IFN.*” In addition, bo-
vine beta IFNs***® and gamma [FNs***° and equine beta
and gamma IFNs’® have been produced in small
amounts by natural methods. Techniques have been de-
veloped for recombinant production of bovine
alpha,?®*! beta,* and gamma®' IFNs and equine alpha
IFNs.32 However, bovine and equine recombinantly de-
rived IFNs have had limited availability for veterinary
research use, and none are approved for clinical use
presently.

Viruses have been used commonly to induce cells to
produce natural IFNs. The ability of double-stranded

Journal of Veterinary
Internal Medicing

RNA viruses to trigger IFN synthesis is well-recognized.
However, some single-stranded RNA viruses are alse
good IFN inducers.”” Cells infected with these viruse
contain double-stranded RNA segments in the form of;
replicative and transcriptive intermediates.> Viruses ir-
radiated with ultraviolet (UV) light can also induce IFN
production, which has been demonstrated by the induc-
tion of IFN in bovine tissues in vitro by UV-irradiated
infectious bovine rhinotracheitis virus.>®> The exact
pathway for IFN induction by viruses has not yet been
elucidated, and IFN inducers may share an ability to
alter cellular metabolism in such a way as to trigger IFN
synthesis or there may be several pathways of IFN in
duction. To induce production of gamma IFNs, mito-
gen stimulation of T-lymphocytes has been used most
commonly.'?

A technique referred to as “‘superinduction” has been!
used to increase yields of beta IFN in fibroblasts induced:
with the polynucleotide known as polyriboinosinic-:
polyribocytidylic acid (poly-I poly-C).>* The addition of!
dactinomycin (an RNA synthesis inhibitor) and cyclo-:
hexamide (a protein synthesis inhibitor) to fibroblast §
cultures following IFN induction results in increased |
beta IFN yields, presumably by inhibiting production of
mRNA for a repressor protein responsible for terminat- .
ing the translation of IFN proteins.** Priming is another |
technique used in natural IFN production to increase |
IFN yields. Small amounts of IFN or virus are added to
cells prior to induction, thereby “gearing up” cells for
IFN production.’ Although the molecular mechanism
of priming is not known, primed cells produce more
mRNA faster than unprimed cells. In addition, primed
leukocytes produce IFN faster than unprimed leuko-
cytes.®

Assays of IFNs

The assay used most commonly for IFN activity is the
microtiter cytopathic effect (CPE) inhibition assay.”’
Two other common types of antiviral assays are plaque
reduction assays®® and virus yield reduction assays.”
Antiviral assays used less commonly are hemadsorption
inhibition, immunofluorescent cell counting, cytochem-
ical assays, and agar diffusion assays.®® In the CPE inhi-
bition assay, an IFN sample is tested for its ability to
prevent lysis of tissue culture cells by a virus because it
produces visible CPE in a wide range of cell lines, is
particularly sensitive to [FN, and is a poor inducer of
IFN (and thus will induce a negligible amount of IFN in
the assay cell system). The end point of a CPE inhibition
assay is commonly accepted to be the cultuie well where
50% of the cells have been protected against viral CPE
by IFN. The IFN titer (expressed in units) is considered
to be the reciprocal of the IFN dilution in the end point
well. Because IFN assays vary widely from laboratory to
laboratory, the World Health Organization has adopted
international reference standards for human, mouse,
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rabbit, and chicken IFNSs. Since no reference standards
exist for other animal IFNs of veterinary interest, cau-
tion must be exercised when comparing titers from dif-
ferent laboratories. In addition, there are no accepted
standards for the non-antiviral activities of IFN.

Antiviral Actions of IFNs

Every family of mammalian viruses has its own unique
strategy of replication, and different families of viruses
appear to be affected by IFN through different mecha-
nisms.®! In general, when virus infection of a cell occurs,
the virus first attaches to and penetrates the cell. Next,

the virus is uncoated (the protein coat is disrupted and

shed, and the inner nucleic acid is released). The protein
and nucleic acid moieties replicate independently and
reassemble to form a new virus particle. They are then
released from the cell. One or more aspects of the virus
replication process are interpreted by the genetic appa-
ratus of the cell as an activation signal for IFN produc-
tion, and the cell then elaborates specific mRNA for
IFN. The IFN mRNA is translated into an IFN protein
at the ribosomes and IFN is then released into the extra-
cellular fluid. Although the exact site of glycosylation of
IFN proteins is not known, it has been suggested that the
addition of carbohydrate moieties to IFN proteins takes
place within membraneous structures prior to excre-
tion.%? IFNs are produced by cells very early in the
course of viral infection. Thus, they are available much
earlier than antibodies.®® Also, in contrast to antibodies,
IFNs have antiviral activity against a wide range of virus
families.®* However, viral families differ in their suscep-
tibility to the antiviral effects of IFN. In addition, differ-
ent families of viruses may respond differently to a given
IFN in the same cell line, and this spectrum of activity
differs among different cell lines from a given animal
species.®* Some cell lines are resistant to IFN with any
kind of virus,® whereas other cell lines are resistant to
IFN only with certain virus classes.®

IFNs do not interact directly with virus particles, but
exert their antiviral effects on the host cells by rendering
them unable to support virus replication. A series of
changes in intracellular enzyme levels occur, some en-
zymes being induced and others being inhibited, giving
rise to the antiviral state.®” Among the enzymes induced
are oligo A synthetase (2-5A synthetase), endoribonu-
clease (RNase L), and protein kinase. Oligo A synthetase
results in activation of endoribonuclease with subse-
quent destruction of cellular mRNA and rRNA.® Pro-
tein kinase inhibits viral and cellular protein synthesis
by inactivating (through phosphorylation) the peptide
chain initiation factor known as elF-2.9%7° Phospho-
diesterase prevents elongation of viral proteins. Glyco-
syltransferase results in decreased posttranslational pro-
cessing of viral proteins. Thus, rather than a single
“translational inhibitory protein,” numerous IFN-in-
duced enzymes mediate the antiviral effects of IFN. A
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TABLE 1. Mechanisms of Action of Antiviral Chemotherapeutics*

Mechanism¥ Drug

Diarylamidines
Virus-specific oligopeptides

Penetration

Arildone
Amantadine, rimantadine

Uncoating

Specific oligonucleotides
Ribavirin
Diarylamidines

Ara-A, ara-AMP
Ribavirin

DHPA

IFNs

1° transcription

mRNA processing

Translation
mRNA degradation
elF-2 inactivation

Viral DNA replication

IFNs
IFNs

Ara-A, ara-AMP
Acyclovir

BVDU

FIAC
Phosphonoformic acid
Ribavirin

DHPA
Trifluorothymidine

Idoxuridine
Viral RNA replication Enviroxime

Viral protein processing
(cleavage)

Diarylamidines

ara-A: adenine arabinoside; ara-AMP: adenine arabinoside mono-
phosphate; DHPA: (S)-9-(2,3-dihydroxypropyl) adenine; BVDU:
(E)-5-(2-bromovinyl)}-2-deoxyuridine; FIAC: 2'-fluoro-5-iodoaracyto-
sine.

* Reprinted in modified form with permission from Table 11-2 of
White DO, Fenner FJ. Medical Virology, 3rd ed. Orlando, FL: Aca-
demic Press, 1986; 306-307.

+ Target site in viral replication cycle.

comparison of the antiviral mechanisms of action of
IFN with other antiviral drugs is given in Table 1.

The IFN molecule interacts with a cell by binding to
its surface.”! Alpha and beta (but not gamma) IFNs ap-
pear to share a common receptor.”> When IFNs bind to
receptors, the fluidity of the cell membrane decrzases
and the electrophoretic mobility of the cell is altered.”
IFN-induced changes in the cell membrane can affect
virion attachment, virus release, or maturation at the
cell membrane, as is the case with oncornaviruses.””
Only relatively short treatment with IFN is necessary to
elicit antiviral activity in cultured cells.”® In addition,
the antiviral effect cannot be immediately reversed by
removing IFN from the cell culture media.”” Whether
IFN must be internalized to initiate the antiviral process
is not agreed upon.”™ IFN species and even individual
IFN subspecies differ quantitatively, and possibly quali-
tatively, in their antiviral activities in vitro.>>™

IENs and Cell Growth Inhibition

Alpha, beta, and gamma IFNs significantly reduce the
rate of division of normal and tumor cells.”>” It has
been suggested that rapidly growing cells are affected by
IFN to a greater extent,’ thus forming the basis for
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exploration of IFNs as antineoplastic agents. In some
studies, recombinant IFNs did not inhibit cell growth to
the same extent as natural IFNs.®' Individual species
and subspecies of IFN can have quantitatively different
antiproliferative activities.’>”!"’® Natural gamma IFN
preparations have superior antiproliferative effects
compared with natural alpha or beta IFNs, bind to dif-
ferent cell membrane receptors, and accentuate the anti-
proliferative effects of either alpha or beta IFN.”! In
contrast to the antiviral effects of IFN, the antiprolifera-
tive effects are refractory and are maintained only by
constant exposure to IFN 8283

The antiproliferative effects result from the extension

of three phases of the cell growth cycle. These three |

phases are G, S, and G, .34 Early events in the cell cycle,
corresponding to Gy, are inhibited by IFN more than
the S-phase of DNA synthesis or the G,-phase of protein
synthesis.®* Delay of entry into the S-phase is mediated

by 2-5 oligoadenylate, which is stimulated by 2-5A syn-

thetase, an IFN-induced enzyme.%

Cross-Species Activities of IFNs

Although originally thought to be species-specific sub-
stances, I[FNs are now known to have defined host
ranges of cross-species activities.®® All three species of
IFN (alpha, beta, and gamma) have now been shown to
have cross-species activities, although the host range can
vary for the different IFN species.®”®® The degree of
cross-reactivity observed also may vary with the type of
cells (1.e., epithelial vs. fibroblastic feline cells) and chal-
lenge virus used.®**° The phylogenetic relationship has
little bearing on cross-species activity, as many 1FNs are
more active on cells of distantly related animals than on
those of closely related animals (i.e., human leukocyte
IFN is more active on bovine and feline cells than on
monkey cells).®®* In vitro cross-species antiviral activity
has been demonstrated for human IFNs on monkey,
rabbit, hamster, cow, mouse, rat, cat, and pig
cells.?7:8%91-%% various bovine IFNs have activity on
human, monkey, rabbit, pig, sheep, horse, and dog
cells.®’#89! Porcine IFN has activity on bovine cells, ca-
nine IFN has activity on bovine and rabbit cells, and
feline IFN has activity on canine cells.?*°! Cross-species
activities have also been documented in vivo®® and are
not limited to the antiviral actions of IFNs. Cross-spe-
cies activity has also been observed for cell growth inhib-
itory, priming, and immunomodulatory activities of
IFNS.55’87’96

IFNs and the Immune Response

Reports appearing in the early 1970s indicated that
IFN-containing preparations were capable of stimulat-
ing phagocytosis®’ and influencing antibody responses.’®
However, it was not until the late 1970s that much at-
tention was given to the role of IFNs as major regulators
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of immune responses. In addition, early investigations
were made with impure preparations of IFN, so tha
questions remained as to whether the effects on the im
mune system were due to IFN itself. Nevertheless, it
now appears that most of the effects noted initially ar
probably true effects of IFN. This field has expanded s,
rapidly that a complete review is not possible in an arti
cle of this nature. Instead, a summary of recent concepts
1s presented here, and the reader 1s referred to additional
articles and reviews (many of them entire texts) now.
devoted to the effects of IFNs on the immune system.

]

Antibody Production

The effects of IFNs on antibody synthesis may dif’feré
between Type I and II IFNs. Gamma IFN appears to be!
more potent in regulating antibody synthesis than alpha?;’
or beta IFNs on an antiviral unit basis.®” Exposure time
and IFN dose are important.'® IFNs appear to suppress'
antibody production when added to cells prior to or with|
antigen, but stimulate antibody production when added;
after antigen or when used in low doses.*!% When natu-
ral alpha IFN was injected into patients at the time of}
immunization, high doses reduced antibody production
and low doses enhanced it.*® The mechanisms of the:
effects of IFNs on antibody responses are complex and;
poorly understood. The effects have been reproduced in:
vitro using purified B-cells, with neither T-cells nor mac-
rophages present.'®! However, interaction with T-helper
or T-suppressor cells does appear to play a role in aug-
menting antibody suppression by alpha and beta IFNs.

Lymphocyte Blastogenic Responses

Phytohemagglutanin (PHA), Concanavalin A (ConA),

and pokeweed mitogen (PWM) provoke nonspecific
blastogenesis of T-lymphocytes (PHA and ConA) or
both, T- and B-lymphocytes (PWM). Treatment of mi-
togen-stimulated lymphocyte cultures with any of the
three species of IFN results in decreased lymphoprolifer-
ative responses.>®> The same responses have been vari-
ably observed in clinical trials.!°>!%* The inhibition of
lymphocyte blastogenic responses observed with IFNs s :
most likely a reflection of their antiproliferative action.

Mixed Lymphocyte Reaction

A mixed lymphocyte reaction (MLR) is the induction of
blastogenesis in a responder population of T-cells after |
the recognition of alloantigens of foreign lymphocytes. |
Gamma IFN is a natural product of all MLRs. In at
recent study using recombinant human IFNs, alpha and |
beta suppressed MLR responses over a wide range of
doses, whereas gamma suppressed the MLR at low doses
and either enhanced or had no effect at high doses.’
Cytotoxic T-lymphocytes (CTLs) are generated in an
MLR and their specific cytotoxicity is enhanced by IFN.
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ADCC and NK Cells

In antibody-dependent cell-mediated cytotoxicity
(ADCC), macrophages, neutrophils, or killer (K) cells
lyse antibody-coated target cells. In contrast, natural
killer (NK) cells lyse tumor cells and virus-infected cells
in the absence of antibody. Both K cells and NK cells are
non-B, non-T large granular lymphocytes. ADCC is
augmented by alpha and beta IFNs, and the cytotoxicity
of NK cells is augmented by all three types of IFN, 104105
In normal patients and those with tumors, increased NK
cell activity usually does not occur immediately after
initiation of IFN treatment, and may not become evi-
dent for several days.!% ‘

Macrophage Function

[FNs have been shown to be major regulators of macro-
phage differentiation.!®” IFNs modulate both nonspe-
cific and receptor-mediated phagocytosis by macro-
phages.'%-"1% In mice with Friend virus-induced leuke-
mia, depressed phagocytic and migratory activities of
macrophages are returned to normal by IFN treat-
ment.!" IFN also renders macrophages cytotoxic for
leukemic cells, and at least in some cases, virus-infected
cells.''>!1% In addition, gamma IFN and the lymphokine
known as macrophage activating factor (MAF) denved
from T-cells appear to be identical molecules.

IFNs, IL-2, and IL-1+

Upon mitogenic stimulation, T-lymphocytes produce
both IL-2 and gamma IFN. IL-2 was previously known
as T-cell growth factor (TCGF). IL-2 may be involved in
the regulation of gamma IFN production by T-cells, and
gamma [FN may be required for IL-2 induction of ac-
tive T-cells. Pretreatment of macrophages with alpha or
beta IFNs enhances the endotoxin-induced production
of IL-1. IL-1 increases 1L-2 production by T-cells and
promotes T- and B-cell proliferation and functional ca-
pacity. Reviews of the role of IFNs in the rapidly ex-
panding field of lymphokine immunology may be found
in several recent texts.!!%!!3
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