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INTRODUCTION Different microbes require different types of response for

Sporadic clinical reports since the early 18th century have
indicated that spontaneous remission of tumors may occur in
some patients with severe bacterial infections. Based on these
observations, in 1891, William B. Coley began treating soft
tissue sarcomas with bacterial preparations, or Coley’s toxin,
making use of gram-positive and gram-negative bacteria (74).
Attempts to stimulate cellular immune responses with bacte-
rial products have continued up to the present time and in-
clude the use of bacillus Calmette-Guérin (BCG) (229), com-
plete Freund’s adjuvant (123), and killed preparations of
various organisms such as corynebacteria and streptococci.
The immunological effects of these treatments have been in-
terpreted as being the result of nonspecific activation of the
phagocytic system and possible release of cytokines, which, in
a tumor-bearing host, may effect direct antitumor activity,
stimulate nonspecific effector mechanisms, or even trigger cy-
totoxic responses specific for the tumor antigens.

It is now clear that cytokines released during the initial
contact of pathogens with cells of the innate immune system
play a decisive role in shaping the subsequent cognate immune
response orchestrated by T cells (302, 317, 378, 380). Interleu-
kin-12 (IL-12), a product of the innate immune system, acts on
cells of the acquired response and appears to meet the require-
ments as one of the most important links between natural and
adaptive immunity (34, 416-422). The crucial relationship be-
tween these two types of response to infection, critical to an
understanding of the biology of IL-12, is outlined in the fol-
lowing section.

INNATE AND ADAPTIVE IMMUNITY IN INFECTIONS:
AN INTEGRATED VIEW

Vertebrates resist infection with pathogenic microorganisms
through a combination of mechanisms of the innate (or natu-
ral) immunity and adaptive (or specific) immunity. The innate
defense mechanisms preexist in all individuals and act within
minutes of infection. For pathogens that do establish an infec-
tion, the innate response is crucial to control infections and
hold them in check until an adaptive immune response can be
generated. The early natural immune response to infection
involves a wide variety of effector mechanisms directed at dis-
tinct classes of pathogens. Likewise, microorganisms encom-
pass numerous components with the ability to interact selec-
tively with different elements of the innate system. These
responses are triggered by receptors that are either nonclonal
or of very limited diversity, and the responses are distinguished
from adaptive immunity by their failure to provide lasting
immunity or immunological memory (109). Once considered
merely a vestige of ancient antimicrobial systems that was
made redundant by the evolution of acquired immunity, innate
immunity is now considered to participate actively in deter-
mining the qualitative nature of the specific response to a
pathogen (20, 109).

their elimination. Infections by intracellular pathogens are best
controlled by cell-mediated immunity, including phagocytosis
and intracellular killing by macrophages, and lysis of infected
cells by cytolytic T cells. In contrast, the host defense against
extracellular pathogens, such as certain helminths, is associ-
ated with macrophage-independent responses, typically medi-
ated by noncytotoxic antibodies, mast cells, and eosinophils. A
combination of humoral and macrophage-dependent defenses
are found in the defense against extracellular bacteria, while, in
the case of bacterial toxin, production of antibodies of the
appropriate isotype and function appears to be the proper
opponent. Such diverse antimicrobial strategies demand highly
specialized reactions that are controlled primarily by CD4" T
helper (Th) cells. By producing different cytokines, CD4" T
cells mobilize the most appropriate counteraction against in-
vading pathogens.

The discovery that different subsets of cloned murine (282)
or human (337) CD4" Th cells can be distinguished on the
basis of the cytokines they produce has helped to explain why
and how the immune system responds differentially to various
pathogens in vivo (371, 378, 380). Thl cells promote cell-
mediated immune responses by secreting cytokines, such as
gamma interferon (IFN-vy), lymphotoxin, and tumor necrosis
factor alpha (TNF-a) (282, 283). These cytokines induce nitric
oxide (NO) synthase in macrophages to increase their micro-
bicidal activity, and IFN-y causes murine B cells to switch their
immunoglobulin (Ig) isotype to IgG2a (or IgG1 in humans),
which promotes phagocytosis by activating the classical path-
way of complement and binding to Fc receptors on macro-
phages. Th2 cells, by secreting the cytokines IL-4, IL-5, IL-6,
IL-10, and IL-13, collectively mediate the growth and activa-
tion of mast cells and eosinophils, direct murine B-cell Ig
switching to IgE and IgGl (in humans, IgG4), and inhibit
macrophage activation. Although interest in Th2 cells has been
directed at their protective role in helminthic infections (243,
431) and pathogenic role in allergy (339), they may have im-
portant regulatory functions in limiting the tissue-damaging
effects of Thl cells and macrophages (368). Thus, the cross-
regulatory properties of Thl and Th2 cytokines are taken to
explain the earlier observation made by Parish in 1972 (316) on
the inverse relationship between cell-mediated and humoral
immunity in response to antigen.

Recently, it has become evident that lymphocyte segregation
into two subsets which produce different cytokine patterns is
not restricted to CD4™ T-cell receptor (TCR) af cells alone.
Rather, it appears to be a more general feature of the immune
system. Both CD8" TCR «f and double-negative TCR 3 cells
appear as an IFN-y-producing Thl-like subset or as an IL-4-
producing Th2-like subset (40). In addition, several of the Thl
and Th2 cytokines are produced by multiple different leuko-
cytes and even nonhematopoietic cells (246). For these rea-
sons, a terminology of type 1 instead of Th1 and type 2 instead
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TABLE 1. Microbial components that stimulate
IL-12 production by phagocytic cells

Microbial component Reference(s)
LPS of gram-negative bacteria ........ccceevevereruereenreercrenueencnnne 88
Teichoic acids of gram-positive bacteria. w73
Spirochetal lipoproteins..........coceeveceeeuenene 250, 328
Bacterial DNA containing CpG motifs... 157, 215
Prokaryotic heat shock proteins........... 301, 421

Bacterial superantigens.............. ... 389

Mannoproteins of fungi..... .42

Leishmania antigen ............ . 391
T. gondii soluble antigen ... e 135
2P120 Of HIV .ottt 108

of Th2 has been recently suggested, to emphasize the function
of a cytokine rather than its cellular source (71).

IL-12 BRIDGES THE INNATE AND
ADAPTIVE IMMUNE SYSTEMS

Development of Thl or Th2 cells from common precursor
cells (317, 375) occurs in response to signals derived from the
innate immune system (338). Cytokines produced in the local
microenvironment profoundly influence the CD4* Th-cell dif-
ferentiation (302, 317, 375). IL-12 produced by monocytes/
macrophages and neutrophils as well as by different accessory
cells (419), is required for Thl development (242, 369),
whereas IL-4, produced by basophils, mast cells, and an un-
conventional lymphocyte with a CD3" CD4" NK1.1" pheno-
type (462), is required for Th2 development (376, 403, 404).
Thus, the early balance between IL-12 and IL-4 during an
immune response most probably determines whether a Thl or
a Th2 type of response will develop (416-422). As stated
above, microbial components exist which may selectively trig-
ger the innate immune system at the very outset of infection to
select quickly for the ensuing specific response. For IL-12
secretion, and hence Thl development, these are listed in
Table 1.

It is now accepted that the failure to control or resolve
infectious diseases often results from inappropriate rather than
insufficient immune responses (324). Therefore, development
of a successful immune response with minimum pathology to
an infectious agent is the desired goal of immunotherapy of
infections. Cell-mediated immunity provides a major host de-
fense against various infectious diseases, but if uncontrolled, it
may lead to massive host tissue damage as a result of reactivity
to self antigens. Several animal models of inflammatory auto-
immune diseases suggest that preferential activation of Thl
responses is central to the pathogenesis of these diseases (303).
Given the central role of IL-12 in the initiation of cell-medi-
ated immunity (369), an understanding of the molecular and
cellular basis of its actions may be critical in implementing a
rational use of this cytokine in the prophylaxis and therapy of
infectious diseases (Fig. 1).

MOLECULAR CHARACTERIZATION OF
IL-12 AND ITS RECEPTOR

IL-12 was first described in 1989 as a product of B-cell lines
capable of stimulating natural killer (NK) cell activity (natural
killer stimulatory factor) (216) or cytotoxic lymphocyte matu-
ration (cytotoxic lymphocyte maturation factor) (398). IL-12 is
structurally unique among the interleukins in that it is a het-
erodimer cytokine composed of two covalently linked chains, a
heavy chain of 40 kDa (p40) and a light chain of 35 kDa (p35),
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linked by a disulfide bond (323). Each chain is encoded by two
separate and unrelated genes, which, in humans, map on chro-
mosome 5 (p40 gene) and chromosome 3 (p35 gene) (153, 367,
382, 444). Structurally, p40 is composed of 306 amino acids,
with 10 cysteine residues and 4 potential N-linked glycosylation
sites; 10% of p40 is carbohydrate (153). The p35 chain is
composed of 197 amino acids, with 7 cysteine residues and 3
potential N-linked glycosylation sites (153, 476). Approxi-
mately 20% of p35 is carbohydrate (323). The genes for the
p40 and p35 subunits of murine IL-12 have also been cloned
and expressed (367). The murine p35 and p40 genes map to
chromosomes 3 and 11, respectively (415). Murine p40 has
70% identity to human p40, while murine p35 has 60% identity
to human p35 (34, 367). Recombinant murine IL-12 is biolog-
ically active and has properties similar to those of human
IL-12. In contrast to murine I1L-12, human IL-12 is inactive in
murine cells (34, 367). This species specificity is determined by
the p35 subunit (394).

There is no sequence homology between the p40 and the p35
subunits of IL-12 (398). The p35 light chain has structure and
sequence homology to the cytokines IL-6, granulocyte colony-
stimulating factor, and chicken myelomonocytic growth factor
(269). In contrast, the p40 heavy chain belongs to the hemo-
poietin receptor family and has homology to the extracellular
portion of the ciliary neurotropic factor receptor (367) and of
the IL-6 receptor (136). It has been postulated that IL-12 may
have evolved from a cytokine/cytokine receptor that became
covalently linked (136, 269, 367).

Neither subunit alone is active, nor are combinations of one
subunit type (34). The biological activity of IL-12 has been
demonstrated to be associated only with the p70 heterodimer
(153, 323, 444). All the cell types producing IL-12 in vitro or in
vivo secrete a 10- to 100-fold excess of free p40 chain over the
biologically active heterodimer (88, 223, 398), which indicates
that the production of p35 and p40 subunits is differentially
regulated. This appears to be an important way of controlling
the IL-12 biological activity. Indeed, the murine IL-12 p40
subunit, particularly in the form of disulfide-linked homo-
dimer, can bind to the IL-12 B1 receptor subunit and block the
binding of the IL-12 heterodimer, thus acting as an IL-12
receptor antagonist (140, 145, 264, 325). Like the murine coun-
terpart, the human p40 homodimer appears to interact strong-
ly with the human B1 subunit of the IL-12 receptor (60, 325).
It has been speculated that production of p40 homodimer may
be a physiological mechanism for limiting the actions of 1L-12
(325). However, it is not yet clear whether the p40 homodimer
is a physiological antagonist of IL-12 activity in vivo, although
the data indicating that production of the p40 homodimer
occurs independently or after that of IL-12 has ceased (325)
suggest that this can be a realistic possibility.

The structure of the cellular receptor for IL-12 (IL-12R) has
recently been elucidated. The IL-12R is a member of the
B-type cytokine receptor (397) and, as such, is structurally
related to gp130-like members of the cytokine receptor super-
family. Two or more binding affinities are observed on IL-12-
responsive human (59, 325, 446) and murine (58, 325) cells.
The functional high-affinity IL-12R is composed of at least two
independent, B-type receptor subunits, 81 and B2, that indi-
vidually exhibit low affinity for IL-12 (326). High-affinity bind-
ing of IL-12 appears to require multiple points of interaction
between IL-12 and the two IL-12R subunits (325). However,
expression of the IL-12RB subunit is necessary but not suffi-
cient for expression of a functional IL-12R, thus suggesting the
existence of an as yet unidentified receptor component (325,
446). The genes encoding human and mouse IL-12 receptor
subunits have been isolated by expression cloning (65, 66). The
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FIG. 1. The central role of IL-12 in the initiation of cell-mediated immunity. IL-12 enhances innate immunity via recruitment of NK cells, which produce IFN-y
and are involved in resistance to acute microbial infections. IL-12 is also an essential cytokine governing the differentiation of Th cells into Th1 cells, resulting in the

development of type 1 responses, mediated by CD4" and CD8* T cells.

deduced amino acid sequences of the mouse IL-12R B1 and B2
proteins show 54 and 68% amino acid identity, respectively, to
the human protein (66, 326). Although IL-12R was found to be
expressed on several lymphoid cells (446), the expression of
both components of the receptor is upregulated, albeit to a low
level, upon cellular activation of NK and T cells, with a con-
comitant increase in IL-12 responsiveness. However, comple-
mentary studies with humans (336) and mice (406) have re-
cently demonstrated the differential expression of the B2 chain
in Thl and Th2 cells. Continuous expression of both compo-
nents occurs in Th1 cells, whereas selective loss of the IL-12 32
subunit correlates with extinction of the IL-12 signaling in Th2
cells (336, 406). Continued stimulation with antigen in the
presence of selected cytokines (336, 406, 447) is required for
maintenance of the expression of the B2 chain.

Binding to both 31 and B2 subunits mediates IL-12 signal-
ing, despite the absence of tyrosine in the cytoplasmic tail of
the B1 subunit. In contrast, the cytoplasmic region of the IL-12
B2 chain contains three tyrosine residues, suggesting an impor-
tant role for this subunit in IL-12 signal transduction (475).

The IL-12R appears to signal through the recently recognized
Janus family kinase/signal transducers and activators of tran-
scription (JAK/Stat) pathway. The 1 subunit interacts with
JAK?2, and B2 interacts with TYK2 and with Stat3 and Stat4
(12, 184, 185, 407, 413).

PRODUCTION OF IL-12 AND ITS REGULATION

Although IL-12 was discovered as a product of B-cell lines,
B lymphocytes do not appear to be the most important phys-
iological producers of bioactive IL-12, which in vivo and in
vitro appears to be produced mainly by phagocytic cells (mono-
cytes, macrophages, and neutrophils) (41, 88, 249, 345, 347)
and cells with antigen-presenting capabilities, including den-
dritic cells (46, 219, 251). Other cell types capable of producing
IL-12, albeit at low levels, are keratinocytes (286) and nonmu-
cosal mast cells (392). The production of IL-12 by macro-
phages and dendritic cells is mediated either by a T-cell-inde-
pendent pathway that is induced by microbes or microbial
products and enhanced by IFN-y or by a T-cell-dependent
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pathway that is induced primarily by the interaction of CD40
ligand (CD40L) on activated T cells with CD40 on IL-12-
producing cells (408).

A number of infectious agents (or their components) induce
IL-12 synthesis in phagocytic cells both in vitro and in vivo
(Table 1). Although pathogens have evolved a complex array
of strategies to evade the counteracting host immune response,
there appears to be a remarkable ubiquitous ability among
diverse types of pathogens to induce the production of IL-12
through a variety of mechanisms (91, 389, 408). Microbial
components that promote IL-12 release include lipopolysac-
charides (LPS) of gram-negative bacteria (88) and teichoic
acids of gram-positive bacteria (73), spirochetal lipoproteins
(250, 328), bacterial DNA containing CpG motifs (157, 215),
bacterial superantigens and heat shock proteins (301, 389),
mannoproteins of fungi (42), leishmanial antigen (391), Toxo-
plasma soluble antigens (135), and glycoprotein gp120 of hu-
man immunodeficiency virus (HIV) (108) (Table 1). Remark-
ably, the presence of these components on a pathogen cannot
be taken to indicate that IL-12 is actually produced in vivo
during an infection. In fact, some pathogens, such as HIV or
the protozoan parasite Leishmania major, although containing
molecules with IL-12-inducing activity, are nevertheless able to
inhibit the induction of IL-12 synthesis in vivo in the infected
host (39, 53, 331, 410). Differences in IL-12 production are also
related to the ability of a pathogen to persist and multiply
within the macrophage (389). Although still a controversial
issue (125), it appears that phagocytosis alone may be in-
sufficient for IL-12 release by phagocytic cells (346, 389).
Moreover, both intracellular and extracellular pathogens are
endowed with the ability to induce IL-12 production by phago-
cytic cells. It appears that microbial components may be es-
sential for IL-12 induction. This issue is particularly relevant to
the design of candidate vaccines that would be capable of
stimulating sufficient production of endogenous IL-12 or
would benefit from the adjuvant effect of exogenous IL-12.

Production of IL-12 by dendritic (46, 219) and phagocytic
(200, 208) cells can be induced by cognate interaction with
activated Thl1 cells, which provide costimulatory signals via
molecules such as the CD40L (150). These signals appear to be
essential, because their inhibition will abrogate IL-12 produc-
tion, particularly in dendritic cells, whose IL-12 production is
poortly or not at all triggered by microbial agents and LPS (46,
408). Th1 cells, activated by TCR ligation with peptide antigen-
major histocompatibility complex class II, will both express
CD40 ligand on their surface and upregulate, through cyto-
kines, CD40 expression on macrophages and dendritic cells.
However, on macrophages, only the antigen-driven but not the
LPS-driven IL-12 production requires triggering of CD40 (91).
The CD40-CD40 ligand interaction leads to IL-12 production
and eventually to the IL-12-dependent production of IFN-y by
CD4™" Thl cells. Priming with IFN-y is known to upregulate
the ability of macrophages (161, 223, 248) and neutrophils (41)
to produce IL-12. Thus, IL-12-induced IFN-y acts as a potent
feedback mechanism in inflammation, a condition where a
sustained IL-12 production may even represent a potentially
dangerous mechanism, possibly leading to the uncontrolled
production of cytokines and to shock (422). Also, because of
the Thl-promoting activity of IL-12 (259, 373), the enhancing
effect of IFN-y on IL-12 production may represent one mech-
anism whereby Thl responses are maintained in vivo. Re-
cently, the ability of human Th2 clones to induce IL-12 pro-
duction by dendritic cells has also been reported (434).

Due to the noticeable proinflammatory and immunoregula-
tory functions of IL-12, its production needs to be tightly reg-
ulated. Cytokines and other soluble mediators may regulate
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the ability of phagocytic cells to produce IL-12. IFN-y and
granulocyte-macrophage colony-stimulating factor priming of
monocytes or neutrophils upregulates their ability to release
IL-12 in response to LPS or Staphylococcus aureus (41, 161,
420). In contrast, transforming growth factor B (TGF-B), IL-4,
IL-10, and IL-13 are potent inhibitors of IL-12 production (86,
389, 408, 420). The ability of IFN-y to enhance IL-12 produc-
tion may be particularly relevant in infections with agents that
are rather poor inducers of IL-12 production (114, 118).

The finding that IL-12 is able to induce IL-10 production
both in vivo (279, 349, 452) and in vitro (142) indicates that
IL-12 can regulate itself paracrinally, by inducing factors that
enhance (IFN-v) or suppress (IL-10) its own production. De-
spite their ability to inhibit the production of IL-12 by phago-
cytic cells when present simultaneously with the inducing stim-
ulus (87), IL-4 and IL-13 priming of human peripheral blood
mononuclear cells was found to enhance IL-12 production in
response to LPS or S. aureus (52). This finding is particularly
surprising because of the antagonistic roles of IL-12 and IL-4
in the respective induction of Th1 and Th2 cell development
(416). Among the mediators capable of affecting IL-12 release,
prostaglandin E, is a potent inhibitor of human IL-12 produc-
tion (433) whereas NO upregulates IL-12 p40 gene expression
(352).

Activation of phagocytic cells by the appropriate stimuli
induces the accumulation of IL-12 p40 mRNA and requires
active protein synthesis (420). Expression of IL-12 p40 tran-
scripts is restricted to the cell types producing IL-12 and is
usually observed only upon activation of the cells (88, 249). In
contrast, expression of the p35 transcripts is constitutive in
many different cell types, including all types of leukocytes.
However, p35 expression is upregulated during activation of
IL-12-producing cells (88) and may determine the level of
bioactive IL-12 production (394). The induction of p40 expres-
sion is controlled largely at the transcriptional level (249, 420).
There are several binding motifs for known transcription fac-
tors in the promoter of the gene encoding the p40 chain.
Motifs that are critical for responsiveness to both IFN-y and
LPS are the ets-2 (248) and NF-«kB-binding (290) motifs.

BIOLOGICAL ACTIVITY OF IL-12

The major cellular targets of IL-12 include T and NK cells,
in which IL-12 induces cytokine production, stimulates prolif-
eration, and enhances cytotoxic activity (127, 216). Among the
cytokines induced by IL-12, IFN-y predominates, due to the
ability of IL-12 to induce IFN-y gene transcription and to
synergize with other inducers (50, 51). However, other cyto-
kines including TNF-a, granulocyte-macrophage colony-stim-
ulating factor, and IL-2 are also induced. IL-12 acts as a mi-
togenic factor for preactivated T- or NK-cell blasts and is
required for optimal proliferation of mitogen- or antigen-stim-
ulated T cells (322). The enhancing effects of IL-12 on cell-
mediated cytotoxicity involve stimulation of NK cell-mediated
cytotoxicity as well as increased generation of lymphokine-
activated killer cells and cytotoxic T lymphocytes (55, 127, 216,
398). In addition to T and NK cells, B cells, particularly Bl
(CD5™) cells, considered to be critically involved in autoim-
munity and chronic lymphocytic leukemia (213), are cellular
targets of IL-12. Human and mouse B cells express the IL-12R
B1 subunit and directly bind IL-12 (437). IL-12 inhibits B-cell
functions while enhancing the conventional, B-cell-dependent
antibody response (271). IL-12 also has a direct stimulatory
effect on hematopoietic progenitor cells (182, 183). This effect,
however, may be antagonized by the hematopoietic inhibitory
effect of the IL-12-induced cytokines, IFN-y and TNF-a (19,
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106). Via IFN-y, IL-12 may also act as an antiangiogenetic
agent (436), an activity which may contribute to the antitumor
effect of exogenous IL-12 (34, 35, 474).

IL-12 as a Proinflammatory Cytokine

Within hours of infection, phagocytic cells and antigen-pre-
senting cells produce IL-12. Resting NK cells expressing IL-
12R are likely to be the first target for IL-12. Upon stimulation
with IL-12, NK cells produce high levels of IFN-y (51) as well
as other cytokines, which then act on phagocytic cells by po-
tentiating their microbicidal activity, phagocytosis, oxidative
burst capability, and production of NO and IL-12 itself (420).
Thus, IL-12 acts as a proinflammatory cytokine in response to
infection. IFN-y production by NK cells is transient compared
with that by T cells and appears to be important in controlling
pathogens during the early stages of infection. Thus, before the
establishment of T-cell-mediated immunity, IL-12 and IFN-y
comprise a paracrine positive feedback loop between macro-
phages and NK cells, resulting in maximal macrophage activa-
tion. This powerful amplifying mechanism is probably at work
in pathogens which by themselves are unable to efficiently
induce IL-12 production (114, 118, 331). However, IL-12-in-
dependent mechanisms of IFN-y production, including that
from Thl cells (220), have been proposed (26). Other cyto-
kines (such as TNF-a and IL-1), released by macrophages
upon stimulation by microbial products, synergize with IL-12
to induce IFN-y secretion by NK cells (130, 175, 426). The
importance of this pathway in resistance to in vivo infection is
revealed by studies with mice with severe combined immuno-
deficiency (SCID mice), which lack mature T and B cells. The
susceptibility of these mice to infections with some intracellu-
lar pathogens is dramatically increased after neutralization of
endogenous IL-12 or IFN-y or after depletion of NK cells (130,
131, 133, 423). Although these proinflammatory effects of
IL-12 are of primary importance in the innate resistance to
infectious microorganisms, they may also have pathological
consequences. If uncontrolled, the exaggeration of the physi-
ological response may result in an endotoxic shock type of
pathology due to cytokine dysregulation (314, 455) or in gas-
trointestinal damage due to excessive sensitization to local
microbial stimuli (299, 342). Negative stimulators of IL-12
production, such as IL-4, IL-10, IL-13, and TGF-B, also coun-
teract the proinflammatory functions of IL-12 (41, 86, 87, 420).
TGF-p is probably the most effective inhibitor of the IL-12
system, by inhibiting both IL-12 production and IL-12 effects
on T and NK cells (87, 173).

IL-12 as a Th1-Promoting Cytokine

The production of IL-12 during the early inflammatory re-
sponse to pathogens profoundly influences the characteristics
of the ensuing adaptive immune response against the patho-
gen. This IL-12 activity is mediated by its ability to drive the
differentiation of Th cells into a specific phenotype. In contrast
to NK cells, resting T cells do not express the IL-12R (129,
325). Before differentiation into Th1 or Th2 cells, undifferen-
tiated Th precursor cells, activated by peptide antigen-major
histocompatibility complex class II and costimulatory signals,
initiate the synthesis of IL-2 and express the IL-12R. IL-12, if
locally present, will then induce the generation of Thl-type
cells producing IFN-y and IL-2 and favoring cell-mediated
immunity, macrophage activation, and production of the op-
sonizing IgG2a isotype. At the same time, IL-12 will inhibit the
generation of Th2 cells, which produce IL-4, IL-5, and IL-10,
and favor humoral immunity with the production of IgG1, IgE,
and IgA. These activities of IL-12 have been clearly docu-
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mented both in vivo and in vitro in mice and in humans (1, 25,
129, 162, 172, 259, 260, 418). Mice deficient for the p40 subunit
are defective in IFN-y but not IL-2 production and in mount-
ing Thl and delayed-type hypersensitivity (DTH) responses
(256, 265). At the molecular level, these activities appear to
correlate with tyrosine phosphorylation of Stat3 and Stat4,
such that mice with a disrupted Stat4 gene are impaired in
IL-12-dependent functions (196, 413).

While IL-12 can directly endow T cells with the capacity to
produce IFN-y (373), inhibition of Th2 cell development oc-
curs, at least in part, through the inhibitory effect of IFN-y
(128, 259, 421). Paradoxically, IL-12 also induces T cells to
produce the counteracting cytokine, IL-10 (142, 279, 349), and
this may be taken to indicate the existence of a negative-
feedback mechanism of IL-12 production. However, it appears
that IL-12 can also promote the development of Th2 cells (28,
139, 141, 190, 366, 443, 445, 452) and serve as a potent adjuvant
for humoral immunity (138, 141). In inducing cytokine produc-
tion by and proliferation of Th1 cells, IL-12 strongly synergizes
with costimulators expressed on antigen-presenting cells (224,
291). Once differentiated, Th1 cells no longer require IL-12 as
a costimulatory molecule to maintain their pattern of cytokine
secretion and to mediate resistance against pathogens such as
Toxoplasma gondii (135, 359), Histoplasma capsulatum (374),
and Listeria monocytogenes (424). Therefore, IL-12 appears
not to be an absolute requirement for maintenance of a Thl
response in vivo. Recently, the absolute requirement of IL-12
for Thl development has been questioned, and it has been
suggested that IL-12 is required for the occurrence of a func-
tional Th1 response by quantitatively increasing the amount of
IFN-y produced (374). One important observation may be that
the Th1 phenotype is reversible and can be converted to Th2 by
exposure to IL-4 (320, 321, 407). This finding may have impor-
tant implications for recrudescence in chronic infection or
transient loss of protection against a pathogen in coinfection.
Also important is the finding that IL-12 can reverse the estab-
lished Th2 responses, which could be helpful in treating certain
infectious diseases and allergies. The reversal of an established
Th2 response has been demonstrated in experimental leish-
maniasis (294). While many immunological manipulations are
effective in the early but not late phases of leishmanial infec-
tion, administration of IL.-12 in combination with a leishmani-
acidal drug switches a dominant Th2 response to a Thl re-
sponse during an active L. major infection, resulting in healing
and resistance to reinfection (294). Similarly, IL-12 can sup-
press the Th2 response induced by schistosome eggs (449, 450,
454).

IL-12 as an Adjuvant

Because IL-12 can influence the differentiation of precursor
Th cells to the Th1 phenotype, its use as a vaccine adjuvant to
promote beneficial Th1 responses is of great interest. The first
demonstration of the efficacy of IL-12 as a vaccine adjuvant
was obtained in experimental leishmaniasis (1). A protective
Th1 cell response to infection with L. major was induced in
susceptible mice by vaccination with parasite extracts in com-
bination with IL-12. The induction of Thl cell development
following vaccination with leishmanial antigens and IL-12 re-
quires NK cell activation and IFN-vy production (1), thus mim-
icking the induction of resistance seen in resistant mice in-
fected with L. major (357, 358, 360). Likewise, administration
of nonviable bacterial antigens with IL-12 generates protective
Th1l immunity against L. monocytogenes (275) and Bordetella
pertussis (257). One very recent application of IL-12 is its use as
a component of vaccines directed against pathology rather



VoL. 10, 1997

than the pathogen itself (449). In murine schistosomiasis, co-
treatment with parasite eggs and IL-12 not only enhances re-
sistance but can also ameliorate the pathology associated with
schistosome granulomas (449). The effective use of IL-12 as an
adjuvant has now been demonstrated with several other patho-
gens (210, 240, 268) and nominal (28) and tumor (474) anti-
gens. The advantage of using IL-12 as an adjuvant is that the
actual cytokine dose required for an effect is rather low, thus
avoiding possible side effects due to prolonged treatment.
Moreover, the successful use of an adenovirus vector to deliver
IL-12 to the site of infection (147, 459) suggests that compart-
mentalized expression of IL-12 may also contribute to its ad-
juvant activity while minimizing undesirable systemic toxicity.

IL-12 Toxicity

The primary toxicities of IL-12 in mice include hepatotoxic-
ity, as well as an IFN-y-dependent inhibition of hematopoiesis
causing anemia, neutropenia, and lymphopenia (106, 127, 182,
183, 354). These toxic effects of IL-12 are observed mainly at
high doses and after continuous treatment. Due to the ability
of IL-12 to directly stimulate hematopoiesis (183), its toxicity
may also include stimulation of extramedullary hematopoiesis,
resulting in splenomegaly (127). At a dose of 10 pg per mouse
per day for more than 1 week, IL-12 treatment induced lethal
effects (127). The toxicity of IL-12 may also derive from inter-
action and/or synergism with endogenously produced cyto-
kines. In acute viral or fungal infections, the immunotoxicity of
relatively low doses of IL-12 was associated with the uncon-
trolled production of proinflammatory cytokines, such as TNF-
o and IFN-vy, thus resulting in septic shock-like pathology or
excessive sensitization to microbial stimuli (26, 44, 299, 307,
340).

INTERMEZZO

A comprehensive discussion of the role of the different Th-
cell subsets and their cytokines in infections is beyond the
scope of this article. For in-depth analysis, the reader is re-
ferred to extensive reviews on the subject (89, 162, 189, 244—
246, 258, 330, 351), and we will limit our discussion to the
rapidly expanding information on the production, roles, and
effects of IL-12 in experimental and human infections. Much of
the current work in this field is still explorative and evolving.
The emerging paradigm involves interactions of pathogens
with cells of the innate immune system, which lead to IL-12
production, activation, and IFN-y production by NK cells and
subsequent Th1-cell development. However, although applica-
ble to different degrees in different infections, the paradigm
provides only a framework of what occurs in the early phases
of an infection. Questions such as the relative dependency of
the early IL-12 production from other regulatory cytokines,
e.g., [FN-v, still remain to be answered. The clue to solving this
problem may be rather pathogen dependent. For instance,
there is a wide diversity in the ability of pathogens to induce
IL-12 production. Some pathogens stimulate IL-12 production
by resting macrophages (118) as well as by IFN-y-deficient
mice (118, 361), while others require priming with IFN-y (114).
Since a positive amplification loop involving IL-12 and IFN-y
seems to occur in vitro and in vivo, it may be difficult to
determine which of these cytokines actually initiates the re-
sponse. Also, an as yet unresolved issue concerns the identifi-
cation of positive and negative regulators of the IL-12-driven
response. Cytokines and mediators exist that can both enhance
and inhibit IL-12 activity. However, the relative roles played by
each mediator in vivo in each infection is far from known. For
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instance, during HIV infection, a decreased IL-12 production
has been observed, which was associated with either increased
(62) or unaltered (52) IL-10 production. In murine models of
viral infections, a role for IL-12 in inducing protective antiviral
responses was observed in some but not all viral infections
examined (26). It is implicit that the answers to these and other
questions and, more generally, a better understanding of IL-12
biological relevance may lead to major conceptual advances in
basic and clinical immunology.

We will review the rapidly expanding literature on the pro-
duction and activities of IL-12 in experimental and human
infections, with a perspective of conceptualizing novel thera-
peutic approaches aimed at restoring an appropriate balance
between Th1 and Th2 responses.

IL-12 IN EXPERIMENTAL INFECTIONS

Bacterial Infections

L. monocytogenes. Infection of mice with L. monocytogenes
has been used extensively as a model to study the role of Th1-
dependent cell-mediated immunity in the control of infection
by intracellular pathogens (89, 156, 160). L. monocytogenes is
able to live and replicate inside resting macrophages but is
rapidly destroyed as a result of macrophage activation (156).
Although macrophages represent the ultimate effector cells,
the presence of T cells is essential for effective control of
infection (103). The contribution of T cells to an optimal an-
tibacterial defense is operative at two levels, i.e., in the activa-
tion of the antibacterial potential of phagocytes (252) and in
the lysis of infected cells (75, 203). The predominance of Thl
responses in listeriosis has been attributed to innate, nonspe-
cific immune responses at the onset of infection. L. monocyto-
genes-infected macrophages (172) produce IL-12, which effec-
tively activates NK cells (425, 426) and yd T cells (390) to
secrete IFN-y, which is capable of activating microbial effec-
tors and favoring the development of the appropriate CD4"
Thl subset (172, 425). Administration of recombinant IL-12
(rIL-12) enhanced, and its neutralization decreased, resistance
to infection (423, 438). Cytokines, such as TNF-a and IL-1B,
also produced by infected macrophages (335), act as positive
regulators of IL-12-induced IFN-y production by NK cells
(175, 426). Viable, but not killed, bacteria stimulate significant
IL-12 production by macrophages (395), which is relatively
independent of priming with IFN-y (118). IL-12 neutralization
in vivo markedly reduces IFN-y expression in infected mice,
thus implying that IL-12 production precedes and directs
IFN-vy production (241). Thus, the positive amplification loop
exerted by IFN-vy on IL-12 production appears to be superflu-
ous when sufficient IL-12 is produced. Cytokines such as IL-4
(172) and IL-10 (395, 426) act as negative regulators of IL-12
production. In the case of IL-4, neutralization of IL-4 prior to
infection increases resistance to L. monocytogenes infection
(155). Hsieh et al. have suggested that IL-4 may be involved in
IL-12-mediated induction of Th1 cells (172). CD4* NK1.1* T
cells, producing IL-4, disappear in infected mice soon after
infection, a phenomenon that is partially reversed by neutral-
ization of IL-12 and is mimicked by the administration of
rIL-12 (104). Therefore, it appears that the production of IL-4
is actively impaired as a result of IL-12 release by infected
macrophages. The production of IL-10 was found to inhibit
IL-12 production and responsiveness (425, 426) and to account
for the failure of killed bacteria to induce IL-12 p40 expression
in macrophages of infected mice (395). However, nonviable
bacteria or soluble bacterial antigens could elicit protective
Th1 responses when administered together with rIL-12 (275).
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In contrast to primary infection, the anamnestic response to
Listeria appears to be less dependent on the presence of IL-12
(424). This finding may have implications for immunotherapy,
by suggesting that IL-12, as a therapeutic agent or vaccine
adjuvant, may be useful in the initial phases of Listeria infec-
tion but less useful in an established disease.

Mycobacterium species. The role of IL-12 has been investi-
gated in several murine models of infection with pathogenic
mycobacteria, including Mycobacterium tuberculosis, Mycobac-
terium bovis, and Mycobacterium avium. Experimental infec-
tion of mice with M. tuberculosis or M. bovis BCG results in
long-lasting, chronic infection (27). Although specific T cells
effectively activate macrophage antibacterial functions, they do
not provide the host with sterilizing immunity, so that a bal-
ance typically follows between host immunity and persistence
of the pathogen. Any impairment in host immune surveillance
may be followed by fatal dissemination of infection (201).
Activation of infected macrophages and blood monocytes is
crucially dependent on IFN-y (92, 115). Mutant mice with
disrupted IFN-y or IFN-y receptor genes are highly suscepti-
ble to M. tuberculosis and M. bovis BCG infections and develop
disseminated disease (78, 85, 119, 194). Protective immunity
against mycobacteria depends on the presence of specific Thl
cells of the CD4™ TCR of, CD8" TCR «f, and double-
negative TCR 3 subsets (181, 201, 228), which are capable of
producing IFN-y and lysing mycobacterium-infected target
cells (202, 205, 310, 311, 412). Although protection against
mycobacterial infections is controlled predominantly by Thl
cells (6, 90, 93, 119, 179, 311), Th2 cytokines have been de-
tected during infection with M. tuberculosis or M. bovis, al-
though at low levels (179, 311, 412). Both beneficial and det-
rimental effects have been associated with Th2 cytokines (89,
116, 117). The current paradigm of Th1/Th2-cell dichotomy in
tuberculosis holds that the two types of responses do not occur
simultaneously. The predominance of a Thl response would
occur in the early phases of M. tuberculosis infection, eventu-
ally leading to asymptomatic infection. In contrast, a shift to-
ward Th2 cell activation may lead to detrimental effects, as is
seen in the late phases of a severe disseminated infection (201).
Development of cell-mediated, Thl protective immunity to
mycobacteria is considered a two-edged response, contributing
to both clearance of infecting agents and tissue damage (100).
The emergence of a protective Thl response was found to be
dependent on the early production of IL-12, so that rIL-12
administration increased and IL-12 neutralization decreased
the resistance to M. tuberculosis (79, 120) or M. avium (43, 217,
218, 356) infection. Treatment with rIL-12 also delayed lung
pathology in M. tuberculosis-infected mice (120), which high-
lights a possible beneficial effect of IL-12 in reducing pathology
in infection. Neutralization of IL-12 late in the course of M.
avium infection did not change the outcome of infection (43),
thus implying a role for IL-12 in the initiation of a protective
Th1 response in the early phases of mycobacterial infection.
However, the mechanisms regulating early IL-12 production as
well its Thl-promoting activity remain to be clarified.

IL-12 is produced by macrophages both in vitro (upon ex-
posure to M. bovis BCG) and in vivo, in M. bovis BCG-infected
mice (114). Interestingly, expression of IL-12 was found to
correlate with genetic and nongenetic patterns of susceptibility
and resistance to mycobacterial infections. The level of IL-12
p40 mRNA was decreased in the lungs of old susceptible M. fu-
berculosis-infected mice compared to young resistant mice (77)
and also in the spleens of genetically susceptible M. avium-
infected mice compared to genetically resistant mice (218).
rIL-12 could improve the course of infection in both old and
genetically susceptible mice (77, 218). In M. bovis BCG infec-
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tion, production of IL-12 occurs only in the presence of IFN-y
or TNF-q, thus indicating that IL-12 may not be the initial
cytokine produced upon contact with the infectious agent
(114). However, the results obtained with mice were not con-
firmed by the use of M. tuberculosis or its antigens in a human
system (125). Therefore, whether a positive amplification loop
is required for IL-12 to be sufficiently produced in mycobac-
terial infections remains an open question. Again, this notion
could be important in the development of vaccine-based ther-
apeutic strategies. The Thl-promoting effect of IL-12 in vivo
was found to be dependent on the presence of IFN-y (125) and
for full expression required the presence of T cells and perhaps
that of an as yet unknown cofactor in M. tuberculosis-infected
mice (79). Yoshida et al. (461) recently reported that regula-
tion of NO synthase in macrophages of M. bovis BCG-infected
mice may be important for complete expression of IL-12-de-
pendent acquired immunity to BCG infection.

Salmonella species. Experimental models of murine salmo-
nellosis include infection with either typhoid or nontyphoid
Salmonella given systemically or orally. The severity and out-
come of Salmonella infections are determined by multiple bac-
terial and host factors. Among the latter, different alleles of the
susceptibility gene, Nramp, mapping to the Ity locus, determine
the relative resistance and susceptibility to Salmonella infec-
tions (105, 388) and other intracellular pathogens. The gene is
expressed in murine and human macrophages (47, 48, 388),
which are the most important effector cells against Salmonella
spp. Several cytokines, including IFN-y and TNF-«, are im-
portant regulators of antibacterial effector functions of macro-
phages, such that their neutralization in vivo increases the
severity of Salmonella infection whereas their systemic admin-
istration mitigates pathology (193, 280, 281, 289, 296-298, 414).
T-cell-deficient mice are initially resistant to Salmonella typhi-
murium infection but fail to control disease in the late phases
of infection (297). Therefore, the innate immune system plays
an important role in the early control of infection.

Mice infected orally with the attenuated Salmonella dublin
strain produce increased levels of IL-12 mRNA in Peyer’s
patches and in mesenteric lymph nodes (33) and are protected
against subsequent challenge (61). IL-12 depletion increases
and rIL-12 administration decreases the severity of S. dublin
oral infection in vivo (211). Viable but not killed bacteria
immunize mice against reinfection, and this is associated with
increased and sustained production of IL-12 (61). In a murine
model of S. dublin systemic infection, expression of the IL-12
p40 mRNA increased upon infection in both Salmonella-sus-
ceptible and Salmonella-resistant mice, indicating that IL-12
expression in vivo is independent of alleles at the Ity locus (99).
Peritoneal macrophages from mice infected intraperitoneally
with Salmonella choleraesuis also express the IL-12 p40 mRNA
(7). Neutralization of IL-10 increases IL-12 p40 expression and
the number of vy8 T cells, suggesting that IL-10 may act as a
negative regulator of IL-12 production and activity in Salmo-
nella infection. Because IL-12 neutralization decreases IFN-y
production in S. typhimurium-infected resistant mice (262), it
appears that Salmonella spp. are endowed with the ability to
drive IL-12-dependent Th1l immune responses. This may ex-
plain the ability of recombinant S. typhimurium organisms ex-
pressing a leishmanial surface protein to induce protective
antileishmanial Th1 responses (457).

Y. enterocolitica. Although Yersinia enterocolitica is an extra-
cellular pathogen, it is known that a specific T-cell-mediated
host response is required to overcome infection (8-10). In a
murine model of infection, protection against lethal Yersinia
challenge was obtained by adoptive transfer of Yersinia-specific
CD4* Thl-cell clones (10). Furthermore, neutralization of
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TNF-a or IFN-y abrogates resistance in infected mice, sug-
gesting that activated macrophages are important effector cells
against this pathogen (8, 9). It has been suggested that the
susceptibility of BALB/c mice to infection is due to a weak and
delayed Yersinia-specific T-cell response, including IFN-y pro-
duction, compared to that of the resistant strains (8). IL-12
gene expression in vivo is similar in the spleens and livers of
susceptible and resistant mice, and bone marrow-derived mac-
rophages from either type of mice produce comparable levels
of bioactive IL-12 in vitro in response to several stimuli (31).
Interestingly, killed bacteria are as effective as viable bacteria
in inducing IL-12 production, which is enhanced by the pres-
ence of IFN-y (31). However, while IL-12 neutralization de-
creased resistance in both strains of mice, administration of
rIL-12 increased resistance in susceptible mice, thus suggesting
that a functional IL-12 deficiency occurs in these mice.
Whether this is due to insufficient IL-12 production or defec-
tive IL-12 responsiveness in vivo or to the production of an-
tagonistic cytokines is unclear, and all of these possibilities
seem to be plausible. However, anti-IL-10 increased IFN-y
production in infected susceptible mice, indicating that IL-10 is
one possible IL-12 antagonist at work in Yersinia infection (31).
The activity of IL-12 in promoting protective immunity ap-
pears to be mediated by the production of IFN-y from T and
non-T cells. Thus, IFN-y appears to be required for both the
production and biological activity of IL-12 in Yersinia infection.
Surprisingly, IL-12 seems to play only a minor role in the
generation of local protective immunity in Peyer’s patches of
orally infected mice (31). Recently, protective Th1-dependent
immunity against Y. enterocolitica infection was elicited by vac-
cination with Yersinia heat shock protein 60 (HSP 60) in com-
bination with IL-12 (301). This again emphasizes both the
capacity of microbial HSP to induce IL-12 synthesis and the
use of IL-12 as a promising adjuvant in vaccine preparations.
In humans, Yersinia-specific Th1 cells may be both protective
and harmful, in that Y. enterocolitica-reactive T-cell clones
obtained from synovial fluids of arthritis patients are of the
Th1 type, producing IFN-y but not IL-4 (230, 365). Therefore,
the potential application of IL-12 as an adjuvant in human
Yersinia infections awaits further studies.

B. abortus. Resistance to the facultative intracellular patho-
gen Brucella abortus depends on the generation of protective
IFN-y-producing Thl cells (110, 273, 402, 464). IFN-y plays a
crucial role in the resolution of B. abortus infection through its
ability to activate antibacterial functions in infected macro-
phages (191, 192). In addition, IFN-y administration and neu-
tralization increased and decreased, respectively, resistance to
infection in vivo (400, 466). IL-12 clearly contributes to resis-
tance to B. abortus infection (467, 468). IL-12 neutralization in
infected mice exacerbates infection and reduces the produc-
tion of IFN-y. Production of NO by macrophages was also
reduced by IL-12 neutralization, which further points to a
defective macrophage activation in these mice (467). These
data indicate, although indirectly, that B. aborfus may be en-
dowed with the ability to induce IFN-y-dependent protective
immunity through the induction of IL-12 from cells of the
innate immune system. Direct evidence indicating that this
may be the case comes from in vitro studies with human mono-
cytes. Stimulation of these cells with heat-inactivated B. abor-
tus or its LPS resulted in the activation of monocytes and the
secretion of biologically relevant quantities of IL-12 (465).
Induction of IL-12 synthesis did not require priming with
IFN-vy but was associated with upregulation of expression of
important costimulatory molecules, such as B7.1 and B7.2.
Thus, through IL-12 and by facilitating costimulation of Th
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precursor cells, B. abortus may provide optimal conditions for
the activation of Thl cells.

F. tularensis. In a murine model of Francisella tularensis
infection, development of protective immunity to challenge
with an attenuated live vaccine strain (LVS) depends on stim-
ulation of specific IFN-y-producing T cells (199, 387). Both
T-dependent and T-independent host immune mechanisms
contribute to the generation of immunity to F. tularensis (76,
101), with cytokines such as IFN-y playing an important role in
the activation of microbicidal macrophages (121, 234). Re-
cently, IL-12 p40 mRNA expression was found in the livers of
mice infected with viable but not killed vaccine strains (146).
The biological relevance of this IL-12 expression and its reg-
ulation in tularemia are presently unknown.

B. burgdorferi. Borrelia burgdorferi is a gram-negative spiro-
chete, which causes Lyme disease in humans. Lyme disease is
characterized by several stages, ranging from the initial ery-
thema migrans to meningitis and reactive arthritis (377). Stud-
ies in a murine model of Lyme disease suggest that spirochete
persistence correlates with the severity of pathologic changes
and may be responsible for localized inflammation (18, 458).
Susceptible mice develop severe disease, including arthritis
associated with an intense inflammatory and immune response
(17). Lymph node cells from resistant mice produce IL-4, while
those from susceptible mice produce IFN-y (206, 207, 266),
which suggests that Th1 cells may be involved in the genesis of
the pathology caused by B. burgdorferi (463). Because of the
proinflammatory and Thl-promoting activities of IL-12, it
would not be surprising to find that B. burgdorferi is a potent
inducer of IL-12 and that production of IL-12 may play a
detrimental role in Lyme disease. Indeed, B. burgdorferi stim-
ulates IL-12 production by human dendritic cells (112), and the
outer surface lipoproteins of B. burgdorferi stimulate the pro-
duction of IL-12 and other inflammatory cytokines by cultured
macrophages from resistant and susceptible strains of mice
(250). In vivo, IL-12 neutralization results in a reduction of the
early inflammatory and subsequent Thl responses and miti-
gates the severity of acute Lyme arthritis in susceptible mice
(5). It appears that cellular Thl reactivity exerts a disease-
promoting role in Lyme disease. However, the role of Thl-
dependent antibodies, including those favoring opsonization
and complement lysis, in the control of Borrelia infection has
yet to be defined.

K. pneumoniae. Mice challenged intratracheally with the
gram-negative bacterium Klebsiella pneumoniae develop a clin-
ical picture and inflammatory response similar to those seen in
acute bacterial pneumonia in humans (147-149). In this model,
an effective antibacterial host defense requires the generation
of vigorous inflammatory responses, which involves recruit-
ment and activation of phagocytic cells, including neutrophils
and macrophages (149). The recruitment and/or activation of
leukocytes in the setting of bacterial challenge involves the
coordinate expression of both pro- and anti-inflammatory cy-
tokines and chemokines (147-149). Upon intratracheal infec-
tion of mice with K. prneumoniae, bioactive 1L-12 is rapidly
produced mainly by alveolar macrophages but also by pulmo-
nary epithelial cells and neutrophils. IL-12 neutralization im-
pairs bacterial clearance from the lungs and increases mortality
after K. pneumoniae infection. Overexpression of IL-12 in the
lungs by the use of an adenovirus vector (see above) results in
a beneficial effect that requires the presence of IFN-y and
TNF-a (147).

Other bacteria. As one leading bacterial agent of neonatal
sepsis and meningitis (111), the extracellular pathogen group B
streptococcus (GBS) has been used in experimental models of
infection involving SCID mice. Exposure of macrophages to
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type III GBS, as well as other extracellular bacterial agents of
neonatal sepsis including staphylococci and enterococci, re-
sults in the production of bioactive IL-12, which, together with
TNF-a, probably stimulates IFN-y production by NK cells
(96). Should IL-12 production be reduced in human neonates,
the exogenous supply of IL-12 would enhance the innate re-
sistance to infection. The early activation of NK cells and
IFN-v release may be a critical event in promoting the func-
tions of immature neutrophils and macrophages necessary for
defense against infection by GBS. In an experimental model of
group A streptococcal infection, treatment with rIL-12 in-
creased survival after infection, an effect possibly mediated via
enhancement of innate immunity (270). In a recent study, the
expression of IL-12 was not modified upon exposure to prod-
ucts of enteropathogenic Escherichia coli (214).

Septic shock. In a murine model of LPS-induced endotoxic
shock, IL-12 neutralization protects mice from death (455).
Protection was also observed upon neutralization of IFN-y and
TNF-a, suggesting dysregulated production of proinflamma-
tory cytokines in the pathology of endotoxic shock (422).

Protozoan Infections

Leishmania species. Experimental L. major infection in mice
provides a prototypic example of Th1l and Th2 predominance
associated with either resistance (Th1) or susceptibility (Th2)
to this protozoan parasite. Protective mechanisms include both
suppression of deleterious Th2 responses and amplification of
beneficial Th1 cell activities (244, 330, 370). L. major multiplies
within macrophages, and therefore the innate immune system
actively participates in the early containment of infection (30).
IFN-v production by NK and Th1 cells represents a key event
in the activation of leishmaniacidal activity of macrophages
(357). Production of IFN-y by NK cells and development of
Th1 responses in resistant mice are dependent on IL-12 pro-
duction (358, 360). Endogenous IL-12 is also required for
control of Th2 cytokine production in both resistant and sus-
ceptible mice (163, 164). Indeed, genetically resistant mice
lacking IL-12 are susceptible to L. major infection and mount
Th2 responses (265), whereas in susceptible mice, the early
production of IL-4 is downregulated by IL-12 and IFN-y (122,
233).

Production of IL-12 in response to L. major has been doc-
umented both in vivo (331, 435) and in vitro (122, 331). Produc-
tion of IL-12 followed that of IFN-y (235, 331), and induction of
IL-12 p40 mRNA was essentially absent in IFN-y-deficient
mice (441). Thus, it appears that early production of IFN-vy is
important for optimal IL-12 priming in vivo. In vitro, the in-
duction of IL-12 expression in macrophages by L. major was
dependent on the stage of the parasite (331). Infective pro-
mastigotes were found to inhibit selectively IL-12 induction
(39), an effect possibly related to the pathway of entry into
macrophages (331). In this regard, there is substantial evidence
that leishmanial infection selectively impairs protein kinase
C-dependent signal transduction in host macrophages, suggest-
ing that this may be an essential pathway for the induction of
IL-12 (97, 278, 304). In contrast, amastigotes rapidly induce the
expression and production of functional IL-12 (122). This find-
ing may indicate that a stage-specific evasion of IL-12 could be
of biological relevance in L. major infection (122, 331), al-
though infection initiated by amastigotes remains fully pro-
gressive (405). Importantly, IL-12 induction was comparable in
macrophages from both resistant and susceptible mice, sug-
gesting that a functional IL-12 inactivation, rather than defec-
tive production, may occur in genetically susceptible mice.

Recently, impaired T-cell responsiveness to IL-12 has been
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proposed to account for the failure of susceptible mice to
mount protective Th1 responses (154). Treatment of suscepti-
ble mice with rIL-12 mediates curing of the infected animals,
associated with both suppression of Th2 cytokine production
and amplification of Thl responses (165, 405), while neutral-
ization of IL-12 leads to an adverse outcome in resistant mice
(164, 405). Exogenous IL-12 appears to bypass the capacity of
the promastigotes to evade IL-12 induction during the estab-
lishment of natural infection. However, when given later in the
course of L. major infection, IL-12 alone was unable to alter
the course of infection in susceptible mice and even enhanced
IL-4 production under certain circumstances (165, 171, 405,
442). This effect appeared to be IFN-y independent, presum-
ably reflecting the loss of proximal signaling components of
IL-12R by committed Th2 effector cells (407). Interestingly,
treatment with IL-12 was instead effective in an established
visceral infection with Leishmania donovani (292, 411). How-
ever, failure to effectively control this latter infection appears
to be due to multiple host defense defects, including impaired
IFN-y production and IL-12 responsiveness (293). Therefore,
if defective Th1 reactivity, not associated with a predominant
Th2 cell response, occurs in this infection, this could explain
the beneficial effect of IL-12 in the late phases of infection.

Recent evidence indicates the efficacy of IL-12 in alternative
therapeutic strategies. Vaccination with Leishmania antigens
and IL-12 was capable of inducing protective Th1 responses in
otherwise susceptible mice (1, 284). Likewise, in contrast to
IL-12 alone, the combination of IL-12 with suboptimal chemo-
therapy induced curing of mice with an established infection
(294). These results indicate the feasibility of successful para-
sitic vaccines composed of a dominant antigen(s) and IL-12 or
an adjuvant capable of inducing endogenous IL-12. Moreover,
the fact that an established Th response could be redirected to
an appropriate one by chemotherapy plus IL-12 offers new
perspectives in the treatment of chronic infectious diseases,
whether caused by protozoan parasites or not.

T. gondii. The quiescent nature of chronic toxoplasmosis in
immunocompetent hosts is attributed to the induction of
strong cell-mediated immunity, which actively controls parasite
replication in acute infection and prevents cyst reactivation
during chronic infection. In contrast, toxoplasmosis in SCID
mice is characterized by unrestricted parasite replication in the
brain and the presence of parasites in other tissues, thus mim-
icking the disease in immunocompromised patients (332).
IL-12 plays a crucial role in establishing protective immune
responses (176, 359), primarily through induction of IFN-y
from NK and T cells (133, 174, 176, 359) but also through
IFN-y-independent mechanisms (209). TNF-a (381) and IL-1
(175) appear to be important cofactors for IL-12-induced
IFN-vy synthesis. IFN-y production by NK cells during the
innate immune response is associated with early control of
pathogen replication and subsequent differentiation of IFN-y-
producing Th1 cells (133). IL-12 neutralization in vivo blocks
production of IFN-y by NK cells and reduces the survival of
both conventional and SCID mice (133, 135, 174, 209). Treat-
ment with rIL-12 has beneficial effects in both conventional
and SCID mice (133, 174-176, 209). The activation of NK cells
to produce IFN-y early after infection appears to be the pri-
mary mechanism of IL-12-dependent resistance in 7. gondii-
infected SCID mice (133). In contrast to the effects observed
early in acute infection, IL-12 neutralization during chronic
infection fails to alter the course of disease, suggesting that the
maintenance and expression of acquired immunity to 7. gondii
is relatively IL-12-independent (135, 359).

A soluble tachyzoite extract was found to elicit IL-12 pro-
duction by macrophages from both conventional and IFN-y-
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deficient mice (135, 361), which indicates that 7. gondii is
capable of inducing IL-12 synthesis in the absence of IFN-y.
Interestingly, the chemical nature of the IL-12-inducing mol-
ecule appears to be similar to that of the IL-10-inducing mol-
ecule, which indicates that both cytokines may be coordinately
induced in host macrophages (359). In keeping with this find-
ing is the observation that IL-10 (178, 359) and TGF-B (173)
antagonize IL-12 functions in infected mice.

Plasmodium species. T-cell-mediated immunity is clearly re-
quired for protection from malaria (170, 225, 232, 460). Pos-
sible mechanisms of T-cell protection include lysis of infected
hepatocytes by cytotoxic T cells and release of cytokines capa-
ble of priming hepatocytes to produce substances toxic to the
parasite or of controlling parasite growth during the blood
stage of infection (83). Given the protective effect of IFN-y in
malaria (186, 187), IL-12 might be expected to cure infected
mice. Indeed, prophylactic treatment with rIL-12 resulted in
100% protection of Plasmodium yoelii-infected mice (372) or
P. cynomolgy-infected monkeys (169), an effect possibly related
to IFN-vy-dependent production of NO that kills intrahepatic
parasites.

Exogenous IL-12 also had protective effects against blood-
stage Plasmodium chabaudi infection, an effect that required
IFN-y and TNF-a but not NO. This effect was observed in both
resistant and susceptible mice (401). However, ablation of
IL-12 did not impede clearance of infection in resistant mice,
thus suggesting that IL.-12 is necessary but not sufficient for the
development of resistance to malaria (460). The ability of
IL-12 to protect against the liver-stage parasites would be
particularly attractive for the purpose of using IL-12 as a pro-
phylactic or therapeutic agent against infection with dormant
liver forms (83). However, the recent finding that resistance to
cerebral malaria in TNF-«/B-deficient mice is associated with
reduced IL-12 expression in the brain (353) indicates that
IL-12 may have both protective and nonprotective effects in
malaria.

C. parvum. Infection by Cryptosporidium parvum can be
acutely severe in immunocompetent hosts but may be chronic
and life-threatening in immunocompromised subjects. Exper-
imental models of cryptosporidiosis include infection of suck-
ling or adult mice, the former being highly susceptible to in-
fection (429, 430). Both IFN-y and CD4™" cells play roles in
protecting mice against infection (430). Treatment with IL-12-
neutralizing antibodies greatly exacerbated the severity of in-
fection, suggesting that endogenous IL-12 may act to limit
infection (432). Treatment of neonatal and SCID mice with
rIL-12 before oral infection with oocysts of Cryptosporidium
prevented or greatly reduced the severity of infection. How-
ever, late treatment with rIL-12 did not improve the course of
an established infection. The protective effect of IL-12 oc-
curred through the induction of IFN-vy (432). Thus, it appears
that the ability of IL-12 to exert beneficial effects through
IFN-v is a common mechanism shared by other protozoa of
the subphylum Apicomplexa, such as T. gondii and P. yoelii.

T. cruzi. Infection with the hemoflagellate protozoan para-
site Trypanosoma cruzi causes Chagas’ disease, which is char-
acterized by acute and chronic phases, the latter associated
with pathology in several organs. In a murine model of exper-
imental 7. cruzi infection, host resistance to the pathogen de-
pends on both innate and acquired immunity, requiring the
combined effects of NK and T cells and cytokines (38, 329). By
inducing NO synthesis in activated macrophages, IFN-y plays
an important role in controlling intracellular parasite replica-
tion; in contrast, IL-10 and TGF-B have been associated with
susceptibility to infection by inhibiting IFN-y-mediated mac-
rophage activation (38, 329, 384, 385). In vitro studies indicate
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that IL-12 is an IFN-y inducer in infection (3). Exposure of
macrophages to 7. cruzi results in the production of IL-12. This
production was found to be dependent on the parasite stage, as
observed on exposure to the trypomastigote but not the epi-
mastigote forms (3). In vivo, administration of rIL-12 reduced
parasitemia but only modestly increased the survival of infect-
ed mice, an effect that was both IFN-y and TNF-a dependent
(177). Likewise, IL-12 neutralization increased parasitemia in
infected mice without significantly affecting mortality (3, 177).

Helminth Infections

S. mansoni. There is still considerable debate concerning the
immunological effector mechanisms responsible for protection
to Schistosoma mansoni infection (247), with evidence support-
ing a function for humoral Th2-based responses (37) as well as
for Thl-dependent cell-mediated immunity (188). In murine
schistosomiasis, a strong Th2 response dominates the immu-
nopathogenetic response of the host to the parasite eggs (57,
152, 456) whereas immunity induced by attenuated cercariae of
S. mansoni is highly dependent on IFN-y production by Thl
cells (379, 393). In vaccinated mice, an elevated expression of
IFN-y, TNF-a, and IL-12 was observed (451, 453); IFN-y-
activated effector cells exhibited potent killing activity against
schistosomula (312). IL-12 administered alone had no effect on
the protective immunity elicited by attenuated cercariae; how-
ever, if administered with attenuated cercariae or larval anti-
gens, IL-12 enhanced Th1 cytokine production and protection
and decreased Th2 cytokine and IgE productions (285, 451,
453). IL-12 also decreased IgE synthesis by peripheral blood
mononuclear cells from helminth-infected individuals (212).

An additional important role for IL-12 in this infection and
its pathology concerns the ability to regulate pulmonary schis-
tosome egg granuloma formation. Schistosome eggs elicit an
eosinophil and macrophage granulomatous immune response,
which in turn causes tissue damage in nearly every organ of the
human host (247). Granuloma formation, particularly its
growth and maintenance, is largely associated with the produc-
tion of Th2 cytokines (56, 152). Macrophages from egg gran-
ulomas had impaired IL-12-producing capacity, which could be
reversed by IL-4 and IL-10 inhibition (56). Neutralization of
endogenous IL-12 enhanced granulomatous inflammation and
the corresponding Th2 cytokine expression, while injection of
rIL-12 decreased both functions (450). The beneficial effect of
exogenous IL-12 was dependent on the production of IFN-v,
since no such effects were observed in IFN-y-deficient mice
(452). Actually, in the absence of IFN-y, IL-12 exacerbated
rather than suppressed Th2-dependent granuloma formation
and pathology. In addition to affecting granuloma formation,
IL-12 inhibited the anamnestic granulomatous response of an-
imals presensitized with eggs, and this suppression was associ-
ated with a decreased expression of Th2 cytokines (450). The
ability of IL-12 to suppress both primary and secondary egg-
induced Th2 responses suggests the possibility of strategies
aimed at preventing schistosoma egg-induced pathology by the
use of IL-12. Elegant experiments by Wynn et al. (449) dem-
onstrated that this indeed may be the case. Sensitization with
eggs plus IL-12, while partially inhibiting granuloma forma-
tion, dramatically reduced the tissue fibrosis that is induced by
infection with S. mansoni.

Other helminths. Resistance to several other helminths is
associated with strong humoral Th2 responses (102, 318, 431).
It has recently been proposed that Th2 cells provide “help for
helminths” (243). In Nippostrongylus brasiliensis infection,
treatment with IL-12 suppresses eosinophilia and IgE produc-
tion but prolongs parasite survival and increases egg produc-
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tion (113). Interestingly, all these effects, except eosinophilia,
were dependent on IFN-vy production. IL-12 loses the ability to
inhibit Th2-associated responses when administered in the
course of an established infection. Thus, IL-12 may be more
useful as an adjuvant for inducing Th1 responses during initial
immunization than for converting established Th2 responses to
Th1 responses.

In a murine model of Brugia malayi infection, IL-12 treat-
ment suppresses the induction of pathogen-driven Th2 re-
sponses in both naive and immunized mice without affecting
the clearance in vivo of microfilariae (318). Different tissue
location and/or effector mechanisms of parasite rejection may
account for the different effects of IL-12 in different helminth
infections.

Fungal Infections

C. albicans. In mucosal colonization and systemic infection
of mice with Candida albicans, Thl cells mediate phagocyte-
dependent protection and are the principal mediators of DTH
reactions. In contrast, production of inhibitory cytokines, such
as IL-4 and IL-10, by Th2 cells and high levels of IgE are
associated with disease progression (327, 341, 342, 344, 351).
Th2-like reactivity is frequently observed in patients with Can-
dida-related pathology, such as in symptomatic infections, al-
lergy, and asthma. Thl-type responses may thus characterize
the carriage of saprophytic yeasts and the resistance to disease
seen in healthy humans, whereas yeast-specific Th2 responses
are associated predominantly with pathology (327). The mech-
anisms responsible for the preferential expansion of Candida-
reactive Thl cells in mice are now beginning to be clarified.
Th1 differentiation in vivo requires the combined effects of
different cytokines acting on several cell types, including IL-12,
in the relative absence of counterregulatory cytokines, such as
IL-4 and IL-10, which are per se necessary and sufficient for
Th2 polarization. Although deficient IFN-y (343), TGF-B
(396), and IL-6 (348) responses may each block the induction
of protective immunity, none of these cytokines correlates with
Th1 development as IL-12 does (340, 349, 350). IL-12 tran-
scripts are persistently expressed by macrophages from healer
but not nonhealer mice (350). Combined with the finding that
IL-12 also plays an obligatory role in Candida-driven Thl dif-
ferentiation in vivo upon challenge with a yeast LVS (349),
these observations indicate that IL-12 is necessary for the de-
velopment of a Thl response to Candida. Subsequent studies
indicated that exogenously administered IL-12 can increase the
Thl-mediated vaccinating potential of a mannoprotein frac-
tion of C. albicans (268). The occurrence of early and sustained
levels of IFN-y in Candida-driven Th2 development makes it
unlikely that IL-12 plays only an indirect role in Th1 differen-
tiation by providing, soon after infection, the IFN-vy that acts as
an essential requirement for CD4" cell priming for IFN-y
production. In vivo data based on serologic ablation of either
cytokine suggest that irrespective of whether high or low levels
of IFN-vy are present early in infection, it is the availability of
IL-12 at the level of the antigen recognition triad (accessory
cells, antigen, CD4™" cells) that allows the CD4™" cells to utilize
IFN-v, initiate their own production of IFN-vy, and differenti-
ate into Th1 cells. Although IL-12 is both required and prog-
nostic for Th1-cell development in murine candidiasis, admin-
istration of rIL-12 did not improve the course and outcome of
nonhealing systemic infections caused by virulent challenge
(349). Even more striking, however, was the observation of an
exacerbating effect of IL-12 in the mucosal infection model,
where the spontaneous development of Thl-associated ac-
quired resistance was somewhat impaired, to the benefit of an
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emerging Th2-biased reactivity. An IFN-y-dependent priming
of mucosal tissue to local damage by inflammatory stimuli
might contribute to the exacerbating effects of IL-12 in gastro-
intestinal infection (340, 349).

Early in infection and as a result of IL-12 exposure, an
increase in the circulating levels of not only IFN-y but also IL-4
and IL-10 was found. Thus, these latter cytokines may act to
overshadow the Thl-promoting effect of rIL-12 administered
to infected mice (340). Indeed, in a pathogen-free animal
model of vaccination, in the absence of counterregulatory cy-
tokines, exogenous IL-12 could fully exhibit its Th1-promoting
potential (268). As a possible source of IL-12 in candidiasis,
macrophages are clearly the primary candidates. Upon expo-
sure to Candida cells in vitro, splenic macrophages produce
bioactive IL-12 and require the presence of IFN-y (345). Re-
cently, by examining IL-12 production by neutrophils in vitro in
response to Candida cells, we have obtained direct evidence
that neutrophils can produce both IL-12 and IL-10 (341, 345-
347). Most importantly, IL-12 appeared to be released only in
response to a Candida LVS that initiates Thl development in
vivo but IL-10 was released in response to a virulent strain. The
quantitative production of IL-12 (p40 and p70) was similar to
that observed in vitro with established cellular sources of the
biologically relevant cytokine, such as activated macrophages,
dendritic cells, keratinocytes, and Langerhans’ cells.

Production of IL-12 by neutrophils occurs in response to live
Candida cells and does not seem to be dependent on phago-
cytosis or on the addition of IFN-y (346). However, priming
with IFN-vy increases cytokine production in response to fungal
cells (346). Human neutrophils also produced bioactive IL-12
in response to a mannoprotein fraction that is capable of in-
ducing Thl cytokine expression in peripheral blood mononu-
clear cells (42). The production of IL-12 by neutrophils also
occurs in vivo in infected mice. Cytokine gene expression pat-
terns of early neutrophils from healer and nonhealer mice are
consistent with a selective association of IL-12 with the healing
response and of IL-10 with progressive disease (347). In line
with previous data (351), early neutropenia in C. albicans in-
fection, while greatly exacerbating infection, would also change
the cytokine gene expression and secretion patterns of CD4*
cells. Because of the large number of neutrophils present in the
blood or inflammatory tissues of infected mice (345, 351), it is
likely that neutrophil production of cytokines may influence
the early development of the T-cell response in mice infected
with C. albicans. More importantly, administration of IL-12 to
neutropenic infected mice alters both the outcome of disease
and the phenotype of the T-cell response, with a reversion
from a Th2 to a Thl type of reactivity (341, 346, 347). Thus,
replacement therapy with IL-12 will restore protective Thl
reactivity in otherwise susceptible neutropenic mice infected
with a yeast LVS.

Besides identifying a potentially critical source of endoge-
nous IL-12 in Th1 development to Candida cells, these studies
may provide some insight into the mechanisms governing Th2
differentiation in nonhealer mice. If neutrophil-derived IL-12
plays a role in Thl-associated anticandidal protection, it is also
possible that production of IL-10 by neutrophils contributes to
Th2 development. The finding of therapeutic efficacy of IL-12
treatment in neutropenic mice with candidal infection not only
strengthens the previous suggestion that the induction of IL-10
may serve as a regulatory response to challenge with IL-12
(340, 349) but also suggests that neutrophils may represent a
major source of IL-10 induced by IL-12 in nongranulocytope-
nic hosts. IL-12 induction of IL-10 production by neutrophils
may be only one of the possible mechanisms whereby exoge-
nous IL-12 exerts detrimental or immunotoxic activity in ex-
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perimental candidiasis. In otherwise healer mice infected with
yeast LVS, relatively high doses of IL-12 result in acute pa-
thology and mortality, suggesting the onset of fungal septic
shock associated with neutrophil dysregulation (340). While
neutrophils may not be the only source of IL-10 in mice with
candidiasis, the finding that IL-10 neutralization improves the
outcome of infection in neutropenic but not in nongranulocy-
topenic mice strongly indicates that neutrophils contribute to
the overall secretion of IL-10 in mice with candidiasis (345,
346).

In humans, risk factors for invasive fungal infections are not
the same in all neutropenic patients (439) and chronic systemic
candidiasis initiated by neutropenia may persist in spite of
normal neutrophil counts and adequate antifungal therapy
(29). Therefore, it is possible that neutrophils have additional
functions other than antifungal effector activity. Together,
these data suggest that IL-12 therapy could benefit neutro-
penic individuals with a responsive T-cell compartment. In
addition, they may provide important insights into the general
mechanisms of immunoregulation in invasive fungal infections.
The ability of murine granulocytes to secrete cytokines that
affect either directly or indirectly their own function supports a
general function of IL-12 in regulating the neutrophil compart-
ment in inflammation and infection, thus adding to the crucial
role of this cytokine in bridging innate and adaptive immunity.

C. neoformans. Cryptococcosis is considered to be controlled
primarily by cell-mediated immunity, suggesting a predomi-
nant role of Thl responses (222). In a murine model of pul-
monary cryptococcosis, protection against Cryptococcus neofor-
mans infection correlates with the production of Thl
cytokines; however, susceptible mice do not show an elevated
production of IL-4 and IL-10 (168). Recent studies have ex-
amined the potential of immunomodulation of the host im-
mune response by IL-12. Administration of rIL-12 to intratra-
cheally infected mice reduces fungal burden and fungal
dissemination and increases survival (204). Treatment with
IL-12 also induces the expression of IFN-y mRNA in the lungs
of infected mice. IL-12 is effective when administered in the
early stages of pulmonary cryptococcal infection (204). In ad-
dition, because conventional antifungal chemotherapy may not
be curative in the treatment of the human infection, IL-12 was
also given in conjunction with a suboptimal (noncurative) dose
of an antifungal agent to assess its possible utility as an ad-
junctive therapy (67). The results showed that IL-12, given
alone or in combination with chemotherapy, is an effective
therapy in systemic, particularly brain, cryptococcosis. The
mechanisms underlying the therapeutic activity of the exoge-
nous cytokine were interpreted as involving primarily IFN-vy-
mediated stimulation of the phagocytic and cytotoxic potential
of antifungal effectors, including microglial cells in the brain
(67).

Aspergillus species. Invasive aspergillosis is often observed as
a secondary infection and is associated with high mortality,
particularly in immunocompromised patients. In a murine
model of allergic bronchopulmonary aspergillosis, exposure to
particulate fungal antigens elicits a strong Th2 response (227);
however, fungal allergens may contain epitopes capable of
inducing selective Th1 or Th2 cytokines (226). Recent studies
indicate a protective role for endogenous and exogenous
IFN-vy and TNF-a in murine invasive aspergillosis (295). IFN-y
was also found to be beneficial in human aspergillosis (22,
333). Cenci et al. have recently reported that susceptibility and
resistance to invasive aspergillosis in mice are associated with
the preferential expansion of CD4™ Th1 and Th2 cells, respec-
tively, so that inhibition of endogenous IL-4 but not adminis-
tration of exogenous IL-12 will cure infected mice (49).
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H. capsulatum. In the immunocompetent host, specific T-
cell-mediated immunity develops within a few weeks of infec-
tion and controls disease caused by Histoplasma capsulatum;
however, in individuals with immune deficiency, histoplasmosis
is a severe and potentially fatal disease (36). Resistance to
infection is due primarily to T cells and macrophages, with
IFN-v being the critical cytokine in activating macrophages to
kill the organism (448). A recent study has examined the reg-
ulation of cytokine induction in mice with pulmonary (4) or
disseminated (472) histoplasmosis and the effect of IL-12 ad-
ministration or neutralization on the course of disease (4, 472).
Depletion of IL-12 greatly increased the severity of infection,
whereas treatment with IL-12 early in infection resulted in a
substantial decrease in fungal burden and an improved clinical
course and survival. Again, these effects were dependent on
the production of endogenous IFN-y and were seen in the
course of a primary but not established infection (4, 374). A
recent study demonstrates that IL-12, given alone or in com-
bination with amphotericin B, significantly increases the sur-
vival of SCID mice infected with H. capsulatum (473).

C. immitis. Coccidioidomycosis may develop as a severe pro-
gressive and often fatal condition in immunocompromised in-
dividuals. Cell-mediated immunity is crucial for host defense
against Coccidioides immitis infection, so that impaired T-cell
reactivity is associated with the development of a severe, pro-
gressive disease (399). According to a pattern that appears to
be similar yet inverse to that of experimental candidiasis,
DBA/2 mice are genetically resistant to infection and develop
Th1-associated protective immunity whereas BALB/c mice ex-
hibit Th2-associated susceptibility to systemic challenge with C.
immitis (82, 253). A recent study showed that IL-12 neutral-
ization increased the severity of an intraperitoneal infection in
a resistant strain (254). Conversely, administration of rIL-12 to
the susceptible mouse strain before and after challenge signif-
icantly improved the course of infection and was associated
with a Th1 cytokine secretion profile (254). It will be of interest
to ascertain whether IL-12 retains its beneficial effects in a
mouse model of aerogenic infection.

Viral and Retroviral Infections

Lymphocytic choriomeningitis virus. Experimental infection
of immunocompetent mice by lymphocytic choriomeningitis
virus (LCMV) is characterized by the activation of NK, CD4™,
and CD8™ T cells, but clearance of the virus is mediated by
virus-specific, histocompatibility-restricted CD8* cytotoxic T
lymphocytes (24). Production of bioactive IL-12 is impaired in
LCMV-infected mice (26, 80), and, indeed, IL-12 neutraliza-
tion does not affect viral replication and T-cell responses in
infected mice (26, 305). Thus, an IL-12-independent mecha-
nism for IFN-y production and CTL activation appears to
occur in LCMYV infection. In the absence of IFN-a and IFN-,
expression of IFN-y and IL-12 was increased in LCMV-in-
fected mice, suggesting a novel mechanism of IL-12-dependent
immune responses during viral infections (80). Both detrimen-
tal and beneficial effects were observed following rIL-12
administration to LCMV-infected mice, depending on the treat-
ment dose, endogenous immune response, and genetic sensi-
tivity to IL-12 (307, 309). The toxic effects included a TNF-a-
dependent reduction of cytotoxic T-lymphocyte function and
increased virus titers, whereas enhancement of late CD8" T-
cell expansion and virus clearance were observed with lower
dosages of IL-12.

Murine cytomegalovirus. In contrast to the role and effects
of IL-12 in LMCYV infection, in murine cytomegalovirus
(MCMV)-infected mice bioactive IL-12 is readily detectable
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soon after infection both in vivo and in vitro (26, 305, 306). In
vivo, IL-12 neutralization increased susceptibility to acute
MCMYV infection and abrogated NK-cell-dependent IFN-y
production. Thus, early IL-12 production is responsible for the
activation of NK cells to release IFN-y and contributes to the
NK-cell-mediated antiviral defense during early MCMYV infec-
tion in immunocompetent and immunodeficient mice (308).
Administration of low doses of rIL-12 increases the resistance
to MCMYV infection, an effect that is dependent on IFN-y
production by NK cells (440). Thus, at low doses, IL-12 en-
hances protective NK-cell responses to viral infections (25, 26).

Vesicular stomatitis virus. In a murine model of vesicular
stomatitis virus infection of the central nervous system, exo-
genously administered IL-12 was found to have beneficial
dose-dependent effects (23). Peripheral administration of
rIL-12 resulted in a local decrease of viral titers and increased
class I- and class II-dependent immune responses. Expression
of inducible NO synthase in the central nervous system was
also increased (23).

Respiratory syncytial virus. In a mouse model of vaccination
against respiratory syncytial virus, administration of rIL-12 at
the time of immunization with a formalin-inactivated respira-
tory syncytial virus preparation greatly improved the resistance
to subsequent virulent challenge and increased the expression
of IFN-y and IL-12 and the utilization of IgG2a-specific anti-
bodies (409).

Pseudorabies virus. Virulent pseudorabies virus (PRV) is
highly neurotropic in mice and produces lytic infections of cells
in the central nervous system, leading to fatal encephalitis.
Immunization with inactivated PRV leads to Thl protective
immunity in mice, mediated mainly by antibody-dependent
virus neutralization (363). Exogenous IL-12 increased the vac-
cinating potential of inactivated PRV, an effect which was
dependent on the production of IFN-y and antiviral IgG2a
antibodies (362).

Herpes simplex virus type 1. Two recent studies of experi-
mental herpes simplex virus type 1 (HSV) infections illustrate
the opposite roles that IL-12 may play in the outcome of
infection and/or associated immunopathology. In a mouse
model of HSV infection of the eye, sustained expression of
IL-12 in corneal and inflammatory cells was induced by the
virus (195). This local IL-12 production was considered to bias
virus-specific immunity to a Thl reactivity, ultimately leading,
in the environment of the eye, to an immunopathologic disease
(166). In contrast, the ability of IL-12 to promote virus-specific
Thl responses was considered to be of benefit in HSV-1-
infected, thermally injured mice (263). Indeed, exogenous
IL-12 increased the resistance to infection in these mice, an
effect possibly due to inhibition of Th2 cytokine production.

Other viruses. It has been suggested that a predominance of
hepatitis B e antigen (HBeAg)-specific Th2 cells may contrib-
ute to chronicity in hepatitis B virus infection (261). In trans-
genic mice overexpressing the HBeAg, low doses of exogenous
IL-12 significantly inhibited autoantibody production and in-
creased IFN-y production by shifting the Th2 response toward
Th1 predominance (45, 274). A crucial role for IL-12-depen-
dent IFN-y production in the induction of protective antiviral
responses has recently been demonstrated in a mouse hepatitis
virus model (364). Therefore, the potential clinical application
of IL-12 in the treatment of chronic viral hepatitis has recently
been suggested (126). Exogenous IL-12 was also protective in
mice infected with encephalomyocarditis virus (313), and its
expression by macrophages was induced upon infection with
lactate dehydrogenase-elevating virus, hepatitis virus, and ad-
enovirus (81).
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LP-BMS5 murine leukemia viruses. Murine AIDS develops
in susceptible strains of mice infected with the LP-BM5 mix-
ture of murine leukemia viruses (144). The patterns of cyto-
kine gene expression upon infection are different in resistant
and susceptible mice, with a predominant production of Th2
cytokines being observed during progression of retrovirus-in-
duced immunodeficiency in susceptible mice (134). IFN-y ap-
pears to be a key mediator of disease in this infection, being
associated with both protection and pathology (144, 427).
Therefore, IL-12 could be expected to play a complex role in
murine AIDS. Transcripts for IL-12 p40 are induced within 1
week of infection of either resistant or susceptible mice, and
their numbers continue to increase slowly in susceptible but
not resistant strains (144). Chronic treatment of susceptible
mice with an appropriate dose of rIL-12, initiated at the be-
ginning of infection, reduces the severity of the disease and the
immune system abnormalities associated with its progression
(132). These effects are dependent on the production of IFN-y.
However, neutralization of IL-12 and IFN-y did not induce
disease in resistant mice (144). Thus, neither IFN-y nor IL-12
is essential for controlling the infection of resistant mice. In
contrast, in susceptible mice, they could contribute to both
immunopathology and protection, a phenomenon possibly re-
lated to the levels of endogenously produced cytokines.

IL-12 IN HUMAN INFECTIONS

Viral Infections

Human immunodeficiency virus. The roles of different Th
cytokines in regulating the immune responses in HIV infection
and in AIDS have recently been reviewed in detail (246).
Therefore, we will deal only with the role and effects of IL-12.
Although the gp120 glycoprotein of HIV will induce IFN-vy-
dependent production of IL-12 in cultured macrophages (108),
production of IL-12 by monocytes/macrophages in response to
S. aureus and other pathogens was found to be impaired in
HIV-positive individuals (52, 53, 62, 64, 95, 130, 180). De-
creased expression of the IL-12 p35, but not p40, gene ap-
peared in one study to correlate with defective production of
bioactive IL-12 in the early stages of infection (64), thus con-
firming previous observations on the biologically relevant role
of p35 chain expression (394). Impaired production of IL-12
was associated with a decreased p40 gene expression at later
stages of the disease, possibly as a result of overproduction of
Th2 cytokines, such as IL-10 (62, 64, 72, 84), IL-4, and IL-13
(52, 87), and of prostaglandin E, (63). Although complex re-
lationships probably operate in the reciprocal regulation of
IL-12 and IL-10 production (272), it appears that these two
cytokines are the major immunoregulatory cytokines that con-
trol progression to AIDS (62, 70, 71). Both IL-10 neutraliza-
tion (72, 231) and IL-12 addition to cultured peripheral blood
mononuclear cells from HIV-positive individuals restore Thl
responses to recall (68, 428) and nonrecall (300) antigens. On
its own, IL-12 may exert its effects at both the immunological
and virological levels. T and NK cells from HIV-infected pa-
tients have been shown to produce IFN-y and to become
activated in response to IL-12 (52, 54, 315, 386, 418). However,
IL-12 also protects CD4" Th1 cells from antigen-induced ap-
optotic death (69, 107), a finding that expands our knowledge
of the biological activities of this cytokine. Because Th1 clones
appear to be less permissive than Th2 clones for HIV replica-
tion (255), it is possible that, through its anti-apoptotic effect,
IL-12 contributes to decreased viral replication. In this regard,
it has recently been shown that IL-12 is capable of down-
regulating HIV replication in human macrophage cultures,
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either directly or indirectly, through the induction of inhibitory
cytokines (2, 319). This latter mechanism may account for the
different effects of IL-12 on HIV replication seen at the dif-
ferent clinical stages of infection (319).

Although much remains to be learned about the possible
sources and regulation of IL-12 production in HIV infection
and AIDS, it seems that administration of exogenous IL-12 or
maneuvers aimed at restoring endogenous IL-12 production
could be a promising therapeutic approach in this infection.
Phase 1 trials in HIV patients have shown modest and tolera-
ble toxicity (14).

Measles virus. A marked suppression of cell-mediated im-
mune responses, such as skin DTH, T-cell proliferation, and
NK-cell activity, associated with predominant production of
Th2 cytokines and elevated levels of IgE in plasma, is observed
during and after measles (151, 167). Infection of primary
monocytes with measles virus selectively impairs the expression
and production of IL-12 without affecting other cytokines and
chemokines (197). Evidence for a role of inhibitory cytokines
could not be demonstrated. Interestingly, decreased IL-12 pro-
duction was found to be dependent on the activation of the
measles virus cellular receptor CD46, a cell surface member of
the regulators of complement activation gene cluster (98). The
ligation of CD46 by its endogenous complement ligand also
leads to decreased IL-12 production by macrophages (197).
This finding provides the first evidence that the complement
system not only augments humoral immune responses but also
inhibits cellular immune responses. Again, IL-12 is the link
between the complement natural system and adaptive cellular
immunity.

Bacterial Infections

Mycobacterium species. Human tuberculosis is considered a
prime example of a disease controlled by cell-mediated immu-
nity and not by humoral immunity (287). However, cell-medi-
ated immunity is also responsible for tissue damage to the host.
Depressed peripheral Thl responses are a prominent feature
of human tuberculosis (267, 469-471), even though the im-
mune response at the site of infection is characterized by en-
hanced production of IFN-y by T cells (239). Actually, the
local production and expression of IFN-y were similar in pa-
tients with pleural (16) and pulmonary (334) tuberculosis, as
well as in tuberculosis patients with and without HIV infection
(239). This may imply that the levels of IFN-y produced in
tissues contribute more to local inflammation or immunopa-
thology than to protective immunity. In contrast, Th2 re-
sponses are not enhanced either systemically or at the sites of
disease (239, 469-471).

IL-12 plays an important role in the generation of cell-
mediated immunity to mycobacterial infection (277). In pa-
tients with tuberculous pleuritis, IL-12 expression and produc-
tion were higher in pleural fluid than in blood (469) and the
numbers of IL-12-producing peripheral blood cells in these
patients were larger than those in healthy subjects (288).
rIL-12 enhanced and IL-12 neutralization inhibited M. fuber-
culosis-induced proliferation of pleural fluid and peripheral
blood cells from tuberculosis patients, with or without HIV
coinfection (469, 470). IL-12 also enhanced the cytolytic activ-
ity of CD4" T cells and NK cells against human monocytes
infected with M. tuberculosis (32, 94). In vitro, live M. tubercu-
losis cells and, to a lesser extent, soluble mycobacterial proteins
were able to induce production of IL-12 by monocytes, an
effect potentiated by phagocytosis (125). Monocytes also pro-
duce IL-10 upon exposure to M. tuberculosis (15, 469), suggest-
ing that the balance of these cytokines may influence the T-cell
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cytokine profile. Indeed, the addition of anti-IL-10 antibodies
to M. tuberculosis-stimulated peripheral blood mononuclear
cells from tuberculosis patients increased the T-cell production
of IFN-y and monocyte production of IL-12 (469, 470). In
M. avium infection, IL-12 increased the pathogen-induced pro-
liferative responses of peripheral blood lymphocytes from
HIV-infected patients (300) and stimulated the antibacterial
activity of macrophages through an action on NK cells (21). In
addition, defective IL-12 production was associated with in-
creased familial susceptibility to disseminated M. avium infec-
tions (124).

Human leprosy forms a spectrum in which the clinical man-
ifestations correlate with the level of cell-mediated immunity
to the pathogen Mycobacterium leprae. At one pole, patients
with tuberculoid leprosy are able to restrict the growth of the
pathogen and their skin lesions are characterized by a predom-
inance of CD4" Th1 cells producing IFN-y and IL-2. At the
opposite pole, patients with lepromatosy leprosy are unable to
contain infection and their skin lesions are characterized by a
predominance of CD8* T cells producing IL-4 and IL-10 (276,
277, 355). The expression and production of IL-12 were higher
in tuberculoid than lepromatous lesions, indicating that the
level of IL-12 expression correlates with the presence of cell-
mediated immunity (383). In vitro, comparable levels of bio-
active IL-12 were produced by M. leprae-stimulated adherent
cells from tuberculoid and lepromatous leprosy patients. Both
IL-4 and IL-10 abrogated this production, indicating the exis-
tence of negative regulators of IL-12 production in leproma-
tous lesions (238). IL-12 stimulated the proliferation of CD4"
Th1 clones from tuberculoid lesions but not CD8" Th2 clones
from lepromatous lesions. Moreover, anti-IL-12 antibody in-
hibited the T-cell proliferative response to M. leprae in tuber-
culoid leprosy patients.

Other bacteria. In diseases caused by bacterial superanti-
gens, such as atopic dermatitis, production of IL-12 and levels
of IL-12R expression were normal in peripheral blood mono-
cytes, despite the inability to generate a normal IFN-vy re-
sponse (236). Bacterial superantigens induce T-cell expression
of the skin-selective homing receptor via stimulation of IL-12
production, suggesting that IL-12 may contribute to the devel-
opment of skin rashes in superantigen-mediated diseases
(237). A possible involvement of IL-12 has also been suggested
in the expression of local immune response to periodontal
bacteria (137), to Helicobacter pylori (198), or in bacterial men-
ingitis (221).

Protozoan Infections

Leishmania species. Elevated levels of inhibitory Th2 cyto-
kines are thought to be responsible for the lack of protection
against these parasitic diseases (13). Addition of IL-12 restores
the proliferative and IFN-y-producing ability of peripheral
blood mononuclear cells from patients with visceral leishman-
iasis (11, 143). A recombinant Leishmania antigen has recently
been found to elicit IL-12 production and Thl cytokine pro-
duction in patients with chronic mucosal leishmaniasis as well
as in uninfected individuals (391). Therefore, IL-12 may play
an important role in the regulation of the cellular immune
responses in human leishmaniasis.

Fungal Infections

A recent study has examined IL-12 expression in peripheral
blood mononuclear cells in response to C. neoformans and C.
albicans, as well as the effect of IL-12 on cellular proliferative
responses to fungal antigens (158). Exposure to either fungal
pathogen induced comparable expression of IL-12 p40 mRNA
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and production of bioactive IL-12 in monocytes from both
HIV-seronegative and HIV-seropositive donors. Moreover,
rIL-12 did not restore the lymphoproliferative activity of
mononuclear cells from HIV-seropositive donors. These re-
sults indicate that the ability of monocytes to synthesize IL.-12
in response to fungal stimuli is preserved during HIV infection.
Therefore, it will be of interest to examine the role of T-cell-
derived cytokines in the regulation of IL-12 gene expression
and release in response to fungal stimulation in the course of
HIV infection. In this regard, it has recently been shown that
priming with IFN-y can increase IL-12 production in response
to fungi in HIV-infected patients (159).

CONCLUSIONS

The crucial role of endogenous IL-12 production in resis-
tance to experimental and human infections with many bacteria,
protozoa, fungi, and viruses can be traced to its proinflamma-
tory activity and ability to promote type 1 or phagocyte-depen-
dent responses. Although many of the effects initiated by IL-12
may be attributable to the induction of IFN-vy, several aspects
of the relationship between these two cytokines remain to be
elucidated, and recent evidence suggests that they could be
different according to the type of pathogen and experimental
conditions. Major unresolved questions in this regard include
whether IL-12 is an absolute requirement for Thl develop-
ment and maintenance of reactivity, whether IFN-vy is neces-
sary for the initial production of IL-12, and to what extent
IFN-v induced by IL-12 regulates Th1 cells, besides acting as a
primary effector molecule of their functional activity. However,
common to most models of experimental infections may be the
finding that IL-12 regulates the extent of the IFN-y response at
the time of infection but is not required to sustain the Thl
response once it has been established. On the other hand,
overproduction of IL-12 and IFN-y in response to an acute
infection may play a significant role in the pathogenesis of
septic shock syndromes, whereas sustained IL-12 release may
initiate or worsen immunopathology and autoimmunity in
chronic infection.

The clinical implications of these findings for infectious dis-
eases and for therapy or prophylaxis of these conditions are
manifold. Although it is as yet unclear whether IL-12 can
modify established responses in humans, IL-12 appears to be
an excellent candidate to help restore immunity to a variety of
opportunistic intracellular pathogens that require IFN-y for
effective control and could be used as an adjunct to chemo-
therapy. This could be particularly important in patients with
cellular immunodeficiencies, who are at high risk for develop-
ing opportunistic infections, because the exogenous IL-12
would either enhance protective memory responses (e.g., in
AIDS, by residual CD4™" cells) or compensate for the loss of a
major cellular source of endogenous IL-12 (e.g., in systemic
mycoses of neutropenic hosts). Because of its Thl-promoting
effects, IL-12 also has great potential as a vaccine adjuvant for
diseases requiring primarily cellular immunity and possibly for
infections requiring a combination of cell-mediated and hu-
moral immunity, since the cytokine has been shown to increase
antibody responses as well. Since the qualitative nature of the
T-cell response following vaccination may depend on the abil-
ity of the antigenic stimulus to induce IL-12 by antigen-pre-
senting cells, the development of appropriate adjuvants or
specific antigens might even obviate the need for exogenous
IL-12. If recombinant IL-12 is administered with immunization
or sufficient IL-12 is induced by the use of these adjuvants or
antigens, it is likely that a protective memory response can be
generated that will not require repeated immunization or con-
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tinuous IL-12 exposure. In some infections (e.g., by helminths),
IL-12 could be used as an adjuvant to a vaccine to modulate
detrimental Th2 responses, representing primarily an anti-pa-
thology rather than an anti-parasite prophylactic approach. In
contrast, the use of IL-12 antagonists could be useful in septic
shock syndromes or when the endogenous cytokine helps to
sustain immunopathology or autoreactivity mediated by Thl
cells.

In addition to these therapeutic perspectives, already sup-
ported by a considerable amount of data in experimental mod-
els of infection, several possibilities can be envisioned that
could carry the exploitation of the action of IL-12 one step
further than the simple administration or neutralization of the
cytokine. Once the chemical nature of the microbial products
triggering IL-12 production has been established, such prod-
ucts could be modeled artificially and used as adjuvants for
cell-mediated immunity. Likewise, an understanding of the
nature of those products capable of selective inhibition of
IL-12 synthesis might lead to the availability of specific immu-
nosuppressors for pathogenetic cell-mediated responses. Elu-
cidation of the signaling pathways for IL-12 induction in
phagocytes and of IL-12 signal transduction in target cells
might allow for the development of specific regulators of IL-12
synthesis or activity. A deeper understanding of the structural
basis for the functional activity of the IL-12 receptor on dif-
ferent cell types could result in the design of ligands that would
act specifically and could perhaps dissociate the beneficial from
the detrimental effects of IL-12. Although some of these per-
spectives may still seem remote, the expectations that IL-12
can be used successfully in the prophylaxis or therapy of infec-
tious diseases in humans are high. Undoubtedly, the results
obtained in this area will have far-reaching implications for the
development of novel approaches in a variety of therapeutic
areas.
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