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Preface

Cytokines and chemokines are an important class of effector molecules that play a funda-
mental role in orchestrating the innate and acquired immune responses needed to eliminate or
wall off invading pathogens. In vitro and in vivo studies have been instrumental in revealing
the complexity of the cytokine network and the many facets of cytokine biology, such as pleio-
tropism (i.e., the capacity for a given cytokine to stimulate several cell types) and redundancy
(i.e., the ability of different cytokines to exert similar effects). However, the development of
sensitive reagents to detect and measure human cytokines and chemokines has provided oppor-
tunities to investigate the role of these important mediators in human inflammatory and infec-
tious diseases. Despite many similarities, important differences in cytokine responses and mode
of action between human and animal models became evident. A shift in focus from animal to
clinical studies was, therefore, inevitable.

In recent years, we have witnessed an outpouring of information on the role of cytokines and
chemokines in human infectious diseases. These studies have led to a deeper understanding of the
pathogenesis of infectious diseases, an appreciation for differences of cytokine and chemokine
production profiles in response to various pathogens, and a realization that genetic host factors
influence the type and magnitude of cytokine and chemokine responses to a given microorgan-
ism. Our understanding of the immunopathogenesis of specific infections has become much more
profound and thorough, and has thus contributed to the design of better and more effective thera-
peutic interventions for the management of patients with infectious diseases.

While playing a pivotal role in host defense against infection, cytokines also contribute to
pathology when released in excessive amounts. Much work, both in academic institutions and
in the biotechnology and pharmaceutical industries, has been devoted to the development of
cytokine or anticytokine treatment strategies in infectious diseases. Although some strategies
have failed, there have been numerous successes that have led to effective interventions for
inflammatory and infectious diseases. One reason for the failure of cytokine-based therapies in
infectious diseases may have stemmed from a lack of understanding of important differences in
cytokine biology in infections caused by different pathogens.

Cytokines and Chemokines in Infectious Diseases Handbook is meant to provide a unique
and up-to-date reference on the role of cytokines and chemokines in a variety of human infec-
tious diseases. International leaders in the field present a comprehensive overview of cytokine
and chemokine responses in bacterial, viral, fungal, and parasitic infections. Readers will gain
a better appreciation for the differences in cytokine profiles in distinct infectious diseases and
will see how this knowledge has led to a deeper understanding of host–pathogen interactions,
as well as the pathogenetic basis of infectious diseases. In addition, Handbook of Cytokines and
Chemokines in Infectious Diseases is intended to provide a critical evaluation of the use of
cytokines and anticytokines in the treatment of infectious diseases and to demonstrate how
knowledge of cytokine pleiotropic effects, redundancy, and the complexity of the cytokine
network has impacted the use of cytokines as therapeutic tools.

Malak Kotb, PhD

Thierry Calandra, MD, PhD
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Introduction:
Cytokine Biology Relevant to Infectious Diseases

Charles A. Dinarello

1. INTRODUCTION

Cytokine- and anticytokine-based therapies have already entered the mainstream of medical prac-
tice. Regulatory agencies continue to approve anticytokine therapies for patients with rheumatoid
arthritis, and it appears highly likely that more will be approved in the near future. Cytokines also
play a role in the pathogenesis of sepsis and septic shock. Two cytokines are particularly important:
interleukin-1 (IL-1) and tumor necrosis factor-α (TNF-α). However, these are not the only cytokines
that are involved in sepsis, and many other cytokines are likely therapeutic targets. Whether blocking
other cytokines, blocking more than one cytokine, or a combination of these will reduce mortality in
the septic patient is unclear at the present time. As with many new areas in science and technology,
spin-offs are anticipated. From the results of current trials examining the blocking of IL-1 and TNF-α in
patients with rheumatoid arthritis, it is certain that more will be learned about the role of these
cytokines in sepsis.

The proinflammatory and anti-inflammatory cytokines discussed in this book have been selected
because of their association with the pathogenesis of infectious diseases. Hundreds of investigators
have carried out extensive studies determining the type, location, and quantities of cytokines pro-
duced during infections in various body fluids of affected patients. The levels of circulating cytokines
and the production of cytokines from peripheral blood cells of patients with active infections have
also been reported. Often, the results from these studies have been contrasted with results from
patients with noninfectious disease, such as generalized trauma. Sepsis and the entire septic syn-
drome have attracted the most interest in cytokine biology. This is understandable because of the
high mortality in these patients. The septic patient has also been the target of many studies using
specific anticytokine-based therapies. In fact, a meta-analysis of anticytokine trials in the septic patient
have been examined and more than 10,000 patients have been entered in several placebo-controlled,
double-blind, randomized trials (1).

As a result, it can be readily observed that dysregulation of innate immunity (also called nonspe-
cific immunity) to the detriment of the host is prominent in sepsis. Dysregulation of innate immunity,
also to the detriment of the host, is prominent in rheumatoid arthritis. However, in the case of rheu-
matoid arthritis, the same anti-cytokine agents that failed to improve 28-d all-cause mortality in
sepsis trials have been highly successful in reducing the signs and symptoms of rheumatoid arthritis
and related autoimmune diseases. There are more than 250,000 patients currently receiving either
anti-TNF-α or IL-1 receptor blockade for the treatment of rheumatoid arthritis. In several studies, the
effects of anticytokine therapy has reduced the progression of the joint destructive nature of the
disease (2–4). In fact, the TNF-α-soluble receptor (p75) that resulted in a dose-dependent worsening
of 28-d all-cause mortality (5) is highly effective in treating juvenile rheumatoid arthritis (6) as well
as psoriatic arthritis and psoriasis. The success of these anticytokine therapies in patients with rheu-
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2 Dinarello

matoid arthritis provides strong evidence that these cytokines (TNF-α and IL-1) are, in fact, causal in
the pathogenesis of rheumatoid arthritis.

The true test of a causal relationship between any one cytokine and a specific disease, however,
comes from the results of clinical trials that demonstrate a correlation between the blockade or neu-
tralization of a specific cytokine and a reduction in disease severity or disease progression. A great
deal has been learned from the sepsis clinical studies, and there have been some remarkably consis-
tent findings. Of considerable importance, these clinical trials have not validated results obtained
from animal models of sepsis or septic shock. No animal model completely recapitulates the local
and systemic picture of human sepsis; nevertheless, these models have yielded vital preclinical infor-
mation on the role of individual cytokines in the pathologic processes of sepsis. Not all animal mod-
els have shown a benefit for survival, particularly when anticytokines are used in live bacterial models
compared to the endotoxemia models.

In view of the increasing use of anticytokine-based therapies in patients with rheumatoid arthritis
and related autoimmune diseases, the role of cytokines in host defense against infection becomes an
important issue. There is a growing body of clinical evidence that neutralization of TNF-α is associ-
ated with an increased risk of opportunistic infection. Moreover, because of physician underreporting,
the true incidence of infections, both serious and nonserious, will remain unknown. Nevertheless,
does the increase in infections associated with anticytokine-based therapies come as a surprise? From
a wealth of rodent studies, the following conclusions can be drawn: (1) neutralization of TNF-α is
frequently associated with the reduction of host defense in models of live Gram-positive or Gram-
negative infections; (2) reduced IL-1 activity can also result in decreased resistance to these same
infectious agents, although possibly to a lesser extent; (3) TNF-α, IL-1, IL-6, IL-12, or interferon
(IFN)-γ is required for defense against infection caused by Mycobacterium tuberculosis. It must be
stressed, however, that the effect of blockade or deficiency of any particular cytokine or combination
of cytokines in animal models of live infection does not necessarily predict the human experience,
particularly in patients cotreated with a disease-modifying antirheumatic drug.

Because homologs of proinflammatory cytokines have been found in primitive species, cytokines
likely play some continuing role in the survival of the host. There are numerous animal studies show-
ing that several proinflammatory cytokines are essential for natural resistance to specific infections,
particularly intracellular organisms. The reduction in the production and/or activities of
proinflammatory cytokines in rheumatoid arthritis remains a therapeutic objective for many patients.
However, this raises the perennial issue of what is an acceptable risk in the use of these therapies.
Rheumatoid arthritis is a chronic disease, and anticytokine-based therapies require chronic adminis-
tration. Thus, the long-term effects of cytokine blockade may interfere with host defense functions.
The two areas of host defense that may be affected by chronic anticytokine therapies are resistance to
infection and immune surveillance for cancer. In this chapter, the mechanisms by which cytokines
affect immune mechanisms of tumor surveillance are not discussed but, rather, the chapter focuses on
their role in infections.

2. MODELS USING MICE WITH TARGETED
GENE DELETIONS (KNOCKOUT MICE)

2.1. Advantages of Using Knockout Mice
The use of mice with specific cytokine or cytokine receptor gene deletion(s) (knockouts) offers

several advantages over chronic pharmacologic administration, primarily because of an absolute
absence of the gene product from conception to death. Compared to the use of cytokine inhibitors,
when using knockout mice there are seldom questions concerning inadequate doses of neutralizing
antibodies, low-affinity antibodies, poor antibody specificity, or similar issues for soluble receptors
on binding proteins where ligand passing or a carrier function may exist. For example, some antibod-
ies to IL-6 neutralize IL-6 in vitro but act as carriers of IL-6 in vivo and, in doing so, prolong the
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activity of IL-6 in models of disease. Therefore, IL-6 knockout mice are preferred to address the role
of IL-6 in models of disease.

With the use of knockout mice, there is no question concerning drug penetration into tissues. In
other models of rheumatoid arthritis or autoimmune encephalomyelitis, however, penetration of the
affected joint by large molecules may be reduced, and dosing becomes an issue. Another advantage of
the cytokine knockout models is the lack of an immune response to an antibody or a soluble receptor
when either is exogenously administered over long periods of time. For example, when testing
whether daily infusions of human IL-1 receptor antagonist (IL-1Ra) affect the development of a
disease that evolves over several weeks, the animal will likely develop antibodies to the human
IL-1Ra that reduce the effectiveness of the infusions.

2.2. Disadvantages of Using Knockout Mice
The primary disadvantage of using cytokine knockout mice is the lack of clinical relevance of

absent cytokine activity in knockout mice compared to reduced cytokine activity when using
anticytokine therapies. For example, the administration of any TNF inhibitor results in a peak of the
inhibitor, followed by a nadir prior to the next injection. It is unlikely that complete and sustained
neutralization of TNF-α occurs with current dosing. In the case of IL-1 inhibition, 24 h after an
intravenous infusion of anakinra (a recombinant form of IL-1Ra) at 1 mg/kg in healthy volunteers,
the blood levels of anakinra had fallen to levels less than 1.0 ng/mL (7). Therefore, in order to predict
a clinically relevant defect in host defense during anticytokine therapy using data derived from
cytokine knockout mice, one would have to sustain a high level of the anticytokine in the relevant
body compartment to match the situation in the knockout mouse for the same cytokine. It is question-
able whether that could be accomplished in the clinical setting.

Another widely held view is that the absence of a particular cytokine or cytokine receptor from
conception into adult life results in other cytokines being overexpressed and compensating for the
deleted signaling pathways. In the IL-1β knockout mouse, the response to IL-1α is enhanced (8)
suggesting that lacking receptor occupancy by IL-1β, the intracellular signaling by IL-1α by the
same receptor has changed. These unusual responses have also been observed with other cytokine
knockout models. When mice deficient in TNF-RII are challenged with bacterial endotoxin, TNF-α
production is markedly enhanced (9). Therefore, it is unclear whether the increased mortality in these
TNF-RII knockout mice challenged with endotoxin is the result of the absence of TNF-RII signaling
or is secondary to increased TNF-α and TNF-RI signaling.

When a cytokine knockout mouse fails to develop an inducible disease, one can conclude that
such a cytokine likely plays a role in the development of that disease. For example, the IL-1β knock-
out mouse does not develop an inflammatory response to local tissue necrosis (10). One can assume
from these mouse studies that in the clinical setting, there may be a role for IL-1β in patients with
local trauma injuries. On the other hand, when a cytokine knockout mouse fails to resist infection,
one cannot conclude that a comparable clinical condition may exist in humans. The best example is
the IFN-γ receptor knockout mouse. This mouse is unusually susceptible to Mycobacterium bovis
BCG (Bacille–Calmette–Guérin) infection (11). Humans lacking a functional IFN-γ receptor are also
susceptible to mycobacterial infections (12).

3. A COMPARISON OF MOUSE AND HUMAN RESPONSES
TO BACTERIAL ENDOTOXINS

In critically ill patients with sepsis syndrome or septic shock, the transient overproduction of
proinflammatory cytokines likely contributes to manifestation of the systemic inflammatory response,
development of organ failure, and even death. In order to study the role of cytokines in sepsis, injec-
tion of purified endotoxins and exotoxins have been used to mimic Gram-negative and Gram-posi-
tive infections, respectively. In animal models of endotoxemia or exotoxemia, blocking the production
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and/or activity of proinflammatory cytokines such as IL-1, TNF-α, IL-12, or IFN-γ has reduced mor-
tality, improved hemodynamic performance, and provided a comprehensive body of evidence show-
ing the detrimental effects of overproduction of these cytokines. Indeed, this evidence provided the
rationale for clinical trials blocking any one of these cytokines in high-risk patients with sepsis.
Although this has been a logical strategy, the failure to reduce 28-d all-cause mortality at a statisti-
cally significant level using any one of several agents to neutralize TNF-α or to block the IL-1 recep-
tor with anakinra has raised the issue of whether these animal models of endotoxemia were appropriate
for humans at risk of death from sepsis (1). Therefore, some investigators have compared models of
live infection with those of noninfectious endotoxemia and have shown substantial differences between
anticytokine interventions for the outcome of these models. For example, in rodent models of sepsis
that result from a nidus of infection, blocking endogenous TNF-α has often been ineffective or has
worsened disease and increased mortality compared to controls. This is in contrast to the beneficial
effect of anti-TNF-α on survival in endotoxemia. In particular, in mice subjected to a nonlethal peri-
tonitis resulting from cecal ligation and puncture, blocking TNF-α resulted in lethal peritonitis (13).
These studies showed that an endogenous TNF-α response was actually essential for the formation of
an abscess to sequester the infectious agents. In subsequent studies, an endogenous TNF-α response
and signaling through the TNF-RI was required for the formation of fibrin deposits and granulo-
cyte function. The mast cell and mast-cell-derived TNF-α appeared to play a central role in this
protective effect. Such studies have raised the issue that TNF blockade in septic humans may
impair the natural host defense mechanisms to combat or prevent the downward spiral from infec-
tion to death. They also emphasize the subtle but critically important observation that the absence of
any given cytokine may be as detrimental as its excess.

Purified LPS or killed suspensions of Gram-negative bacteria can be injected intraperitoneally,
intravenously, or intratracheally. However, in general, rodents and primates are particularly insensi-
tive to endotoxins when compared to humans. In fact, the lethal amount of disease-inducing endot-
oxin given to mice and rats ranges from 1 to 10 mg/kg, and mg/kg doses produce a systemic
inflammatory response. In contrast, in humans, an intravenous bolus injection of only 3 or 4 ng/kg of
Escherichia coli lipopolysaccharide (LPS) produces fever, reduces hemodynamic functions, is a
cardiosuppressant, and results in increased procoagulant activities. Other indications of systemic
inflammation in the endocrine and hematopoietic systems are manifested within 3–4 h in humans
injected with endotoxin. There is little question that humans are exquisitely sensitive to the systemic
effects of LPS, whereas rodents and primates are impressively resistant. To make rodents more vul-
nerable to endotoxemia, animals can be pretreated with transcriptional inhibitors, such as D-galac-
tosamine or actinomycin D, which prevent the synthesis of “survival genes” that protect against
endotoxemia. It should be noted, however, that although the use of these transcriptional inhibitors
markedly increases the sensitivity to LPS, the mechanisms of lethality are profoundly different.
Whereas high-dose LPS kills predominantly through vascular injury, hypotension, shock, and necrotic
injury, D-galactosamine-sensitized mice treated with low-dose LPS die predominantly from apoptotic
liver injury.

Nevertheless, models of endotoxemia overwhelmingly dominate the literature, especially in inter-
vention experiments with anticytokines. Extensive literature exists on the beneficial effects of block-
ing TNF-α, IL-1, and other cytokines in these various models of endotoxemia. Furthermore, using
cytokine and cytokine receptor knockout mice, similar data have been reported. Is the endotoxemia
model relevant to the role of a cytokine in combating an indolent infection and preventing it from
becoming life threatening? The appropriate models use live organisms.

4. POLYMICROBIAL SEPSIS AS A MODEL

Several studies have examined the role of cytokines using live infection, particularly cecal liga-
tion and puncture. In this model, mice or rats undergo ligation of the cecum followed by a single or
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double puncture with a small or large needle. After the procedure, the peritoneal cavity is surgically
closed. The rapidly evolving peritonitis varies in severity depending on the size and number of holes,
but even with antibiotic treatment, death generally takes place in 2–10 d. Bacteria are found in the
peritoneal cavity, in the liver, and, occasionally, in the lungs. The ability to form an abscess to con-
tain the infection is critical for survival (13). Neutrophils are also important in that attempts to
decrease the numbers or the ability of neutrophils to emigrate and phagocytize bacteria worsen the
infection.

Endotoxemia is part of the cecal ligation and puncture model, but death is usually the result of a
large bacterial burden. Therefore, increasing neutrophil function often results in increased survival.
For example, the administration of chemokines such as the CC chemokine C10 increases survival
(14). Consistent with this observation, blocking TNF-α decreases the survival response to a mixed
flora bacterial infection, but this appears to be dependent on the severity of the infectious challenge.
For example, reducing the size of the needle used to puncture the cecum can produce a model with a
modest mortality (approx 10%). When endogenous TNF-α was neutralized in these mice using a
monoclonal antibody, mortality was dramatically increased. Those studies revealed a requirement
for TNF-α to form an abscess and sequester the infectious agents. When the severity of the model is
increased to nearly 100% lethality by increasing the size and/or number of the punctures, passive
immunization against TNF-α alone produces no improvement in survival.

In addition to suppressing TNF-a and IL-1, IL-10 can be immunosuppressive, in part through its
ability to block Th1 and promote Th2-mediated immune response. This has been most evident in
models where an endogenous IL-10 response to injury may contribute to the immunosuppression
leading to secondary infections. For example, following a burn injury, mice are more susceptible to
lethal cecal ligation and puncture. However, this increased susceptibility could be prevented by treat-
ing the mice with a monoclonal antibody against IL-10 in the interim between the burn injury and the
cecal ligation and puncture. Similarly, an endogenous IL-10 response following cecal ligation and
puncture was responsible for the decreased antimicrobial response and increased mortality resulting
from lung exposure to Pseudomonas aeruginosa.

The administration of recombinant IL-1Ra either alone (15) or with polyethelyne glycol TNF-RI
(16) remarkably increased survival in rodent models with lethal cecal ligation and puncture. The
protective effect of IL-1Ra compared to the decreased survival in animals either deficient in TNF-a
or given anti-TNF-a antibodies is a consistent finding. One possible mechanism for the survival
benefit of IL-1Ra may be to reduce the inflammatory component of the disease while not impairing
antimicrobial responses to the peritonitis.
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Leptin

Its Role in Immunomodulation and Susceptibility to Infection

Graham Lord

1. INTRODUCTION

The field of leptin and the immune system has expanded rapidly since the first article described
the interrelationship of this cytokine, initially thought of as a weight-reducing hormone, with the
optimal functioning of the immune system in vitro and in vivo (1). There is still a great deal of work
to be done in order to define precisely the role that leptin plays in the host response to infection and
this chapter attempts to summarize the current thinking in this field. The chapter starts with an intro-
duction to the biology of leptin, which is crucial in understanding how it compares with other cytokine
systems. This section also highlights what is considered by many to be the main physiological role of
leptin; namely that it acts as a signal of failing energy reserves. A brief discussion of the in vivo
models of leptin deficiency follows, which leads in to the immune changes seen in starvation and
malnutrition, a situation in which leptin may have its most profound effect on immunity and also
susceptibility to infectious diseases.

The final section deals with the specific effects of leptin on the various cells of the immune system
and how this relates to responses to pathogens.

The chapter attempts to address what may be the true physiological role for leptin as an
immunomodulator. It is tempting to just write down a list of the known actions of a cytokine without
trying to put the data into a biological context. Hopefully, I have gone some way toward putting the
large amount of data into perspective.

2. THE BIOLOGY OF THE ACTION OF LEPTIN

2.1. The Obese Gene and its Protein Product Leptin
In 1994, the mouse obese (ob) gene and its human homolog were isolated by positional cloning

(2). In humans, the gene is positioned at 7q31. The mouse ob gene resides on chromosome 6 and
consists of three exons and two introns and encodes a 4.5-kilobase (kb) mRNA. The coding sequence
is contained within exons 2 and 3. The wild-type obese gene encodes a 167-amino-acid protein named
leptin, expressed almost exclusively in white adipose tissue, although recently its expression has
been found at lower levels in the placenta, stomach, and brain (3–5). The homozygous mutant mouse
ob/ob has a mutation in the obese gene, either as a result of a 5-kb ETn transposon inserted into the
first intron of ob (ob2j mice) or of a nonsense mutation causing protein truncation (6). Leptin (leptos
[Greek]: thin) is a 16-kDa class I cytokine, with structural similarity to interleukin (IL)-2, the para-
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digm T-cell growth factor, although there is no sequence similarity (7). It consists of 167 amino acids
and is a helical cytokine, belonging to the family of hemopoietic cytokines, which includes IL-2, IL-
3, IL-4, and granulocyte-macrophage colony-stimulating factor (GM-CSF). Leptin circulates in the
bloodstream bound to plasma proteins and soluble leptin receptor (ObRe) (8). The ratio of free:bound
leptin in serum increases with increasing obesity (9). Its serum levels are proportional to body fat
mass (10) and are dynamically regulated, being increased by inflammatory mediators such as tumor
necrosis factor (TNF)-a, IL-1, and lipopolysaccaride (LPS) (11–13) and being rapidly reduced by
starvation (14,15). The release of leptin is pulsatile (16) and is inversely related to ACTH and cortisol
secretion (17). The fact that obesity is associated with high leptin levels rather than vice versa, as
would be predicted by the obese phenotype of the ob/ob mouse, has lead to the hypothesis that appe-
tite suppression is not the main physiological role of leptin (18). It is excreted via the kidneys and is,
therefore, elevated in patients with end-stage renal failure (19). The regulation of leptin gene expres-
sion is highly complex, as it involves multiple mediators whose relative importance is, as yet, unde-
termined (20). A high serum leptin level reduces leptin gene expression and changes in nutrient
availability result in rapid alterations in gene expression (21). Other important regulatory factors are
glucocorticoids, insulin, and thyroid hormones. Corticosteroids enhance gene expression and protein
secretion, whereas insulin causes release of leptin from an intracellular pool (22). Thyroid hormones
inhibit leptin gene expression (23) and sex steroids such as estrogen increase leptin mRNA levels
(24). This latter fact may underlie the sexual dimorphism observed in serum leptin concentration,
such that for a given body mass index (BMI = weight [kg] / height2 [m]), females have significantly
higher leptin levels than males (19,25).

2.2. Role of Leptin in the Regulation of Body Weight
Chronic administration of recombinant ob protein has been shown to produce a significant reduc-

tion in body weight in ob/ob and normal mice because of a reduction in food intake but also an
increase in energy expenditure (26–28). Centrally administered leptin (into the lateral or third cere-
bral ventricles) has been shown to be particularly effective in promoting anorexia and weight loss at
doses which when administered peripherally were without effect on feeding behavior (26). This sug-
gests that leptin acts on receptors within the central nervous system, probably at the level of the
hypothalamus and clearly implicate leptin as an important factor in the regulation of body weight in
rodents (29). Further evidence that implicates leptin as a regulator of body weight is the fact that total
deficiency in leptin in mouse and man causes obesity, (29,30) which is reversed by leptin treatment
(27,31). However, as mentioned earlier, leptin levels are high in rodent and human models of obesity,
(10,32) leading to the hypothesis that either there is resistance to the actions of leptin akin to insulin
resistance in type 2 diabetes mellitus (33) or that the main function of leptin is a signal of starvation
and not body weight regulation (see Section 2.3) (14). There is some experimental evidence for the
occurrence of leptin resistance because leptin induces the expression of SOCS-3 (suppressor of
cytokine signaling), which subsequently prevents that cell from responding to further leptin (34,35).
The poor clinical results of leptin as a weight-reducing agent have cast further doubt on the assertion
that its main role is as a body weight regulator (36).

2.3. Role of Leptin as a Signal of Starvation
In 1996, Ahima et al. proposed a role for leptin as a signal of energy deficiency (14). Circulating

leptin levels fall rapidly in response to starvation when energy intake is limited and energy stores
(fat) are declining. It was suggested that leptin may have evolved to signal the shift between suffi-
cient and insufficient energy stores (18). The hypothesis that reduced circulating leptin levels signal
nutrient deprivation is supported by the demonstration that prevention of the starvation-induced fall
in plasma leptin levels by exogenous replacement is able to prevent the starvation-induced delay in
ovulation in female mice. In addition, such a regime of leptin replacement was also shown to partially
prevent the fasting-induced rise in plasma corticosterone levels and the fall in plasma thyroid hor-
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mone (total T4) levels (14). It is likely that leptin exerts these effects at the level of the central
nervous system (18).

2.4. Peripheral Effects of Leptin
In addition to the centrally mediated effects of leptin, many peripheral effects have been reported.

Leptin receptor expression has been demonstrated in the pancreas (37,38), hemopoietic stem cells
(39), endothelial cells, (40) and reproductive organs (39) where leptin has been shown to have direct
effects in vitro. Thus, leptin can influence ovarian hormone synthesis, can induce proliferation and
differentiation of bone marrow cells, (41) and can act as an angiogenic factor by its action on endot-
helial cells (40). Leptin can also affect insulin secretion from pancreatic β-cells by inhibiting glu-
cose-stimulated insulin release both in vitro and in vivo (37,38). Metabolic effects of leptin are
partially peripheral and partly central, via the sympathetic nervous system (42). Leptin directly pro-
motes glucose uptake and glycogen synthesis in skeletal muscle (43,44) and promotes lipolysis with
no increase in free fatty acids (45). The relative importance of these central and peripheral effects of
leptin still remains to be determined. It will be difficult to dissect observed responses completely,
however, because many effects are likely to be both peripherally and centrally mediated (20).

2.5. Leptin Receptor Genetics and Structure
The receptor for leptin was identified by expression cloning in 1995. Sequencing of the original

mouse cDNA demonstrated that it coded for a single membrane spanning protein of the class I
cytokine receptor family residing on chromosome 4 (human: 1p31). It consists of 20 exons, of which
the first 2 are noncoding (46). This family includes gp130, G-CSF, interleukin-6, and leukemia inhib-
itory factor receptors among its members and is consistent with predictions that leptin itself was a
helical cytokine structurally homologous to growth hormone and interleukin-2. There are several
isoforms of the leptin receptor (ObRa–e) in both mice and humans arising from alternative RNA
splicing at the most C-terminal coding exon of the leptin receptor gene. All isoforms have a common
extracellular domain but differ in the length of their intracytoplasmic domain (46–48). One isoform
(OBRe) is predicted to be a soluble receptor, as it lacks the transmembrane domain (48). The “long
isoform” of the leptin receptor (ObRb) has a long intracellular domain of about 303 amino acids and
contains sequence motifs enabling it to employ the JAK–STAT pathway for signal transduction
(49,50). Mice and humans that have mutant receptors with impaired or no signal transducing capacity
have a phenotype of obesity and insulin resistance identical to that of ob gene mutations (47,51).

2.6. Distribution of the Leptin Receptor
The short leptin receptor isoforms appear to be ubiquitously expressed, although their function

remains to be established (50). It has been suggested that the high levels of ObRa observed in the
choroid plexus may play a role in transporting leptin from the bloodstream into the cerebrospinal
fluid (CSF), from where it can access centers in the hypothalamus involved in energy homeostasis
(52). The long isoform of the leptin receptor, ObRb, is expressed at high levels in the hypothalamic
nuclei known to be of importance in the regulation of body weight (53,54). However, ObRb mRNA
expression has also been detected in rodent peripheral tissues such as pancreatic β-cells (38) and
lymph nodes, (28,50) suggesting that leptin may have a broader physiological role. We and others
have shown that ObRb is expressed in T-cells (1,55) and there is good evidence to suggest that it is
also expressed by macrophages (53,56).

2.7. Signal Transduction via the Receptor
As with other class I cytokine receptors, ObRb has been shown to signal through the JAK–STAT

pathway (57). To date, only STAT-3 activation has been detected following exogenous leptin admin-
istration in vivo, although there are reports that as well as STAT-3, STAT-1, -5, and -6 are stimulated
in COS cells transfected with ObRb (49,50). No STAT protein activation has been observed follow-
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ing leptin administration to db/db mice (50). ObRa has been shown to be capable of signal transduc-
tion and to weakly activate gene expression in vitro (58,59). The physiological importance of this
signaling capability of the short isoforms in vivo, however, remains unclear. Indeed, the db/db mouse
displays a phenotype identical to the leptin-deficient ob/ob mouse despite expression of all but the
long ObRb isoform of the leptin receptor, underscoring the prime importance of ObRb in leptin-
mediated signaling. Leptin binding to ObRb causes tyrosyl phosphorylation of the cytoplasmic do-
main of the receptor. SHP-2 (SH2 domain containing protein tyrosine phosphatase-2) binds to these
regions and serves to reduce JAK-2 phosphorylation. This would serve to reduce the signaling capac-
ity of ObRb, providing a means of controlling signal transduction (60). It has been postulated that the
short receptor isoforms may act as a type of molecular sink for leptin (52), thus flattening out the
ultradian oscillations that typify leptin release (16). It has also been suggested that the short isoform
(ObRa) found in abundance in the choroid plexus may serve as a transport protein across the blood-
brain barrier and that this mechanism is saturable, giving another mechanism for the proposed state
of leptin resistance (see Section 2.2) (61,62). In this vein, new molecules called Ob-binding protein 1
and 2 (OB-BP1/2) have recently been cloned. They are expressed on B-lymphocytes and their func-
tion is assumed to be similar to that of the short leptin receptor isoforms (63).

Recently, it has also been shown that leptin can activate PI3-kinase and the signaling pathways
distal to this (64). Futhermore, leptin has also been shown to activate the mitogen-activated protein
(MAP) kinase pathway of signal transduction (65). Interestingly, both of these pathways are acti-
vated in macrophages. The significance of the activation of these different signaling pathways remains
to be determined.

2.8. Dynamics and Kinetics of Ligand–Receptor Binding
As is the case for the class I cytokine receptors, ObRb probably dimerizes in order to signal

optimally (66). Unlike the other receptors of this class that form heterodimers with gp130 (57),
ObRb forms homodimers or homo-oligomers (67). This homo-oligomerization is ligand indepen-
dent and signaling via ObRb is not susceptible to dominant negative repression by the short isoforms,
even when they are present in great excess (66). The leptin receptor is able to homo-oligomerize in
an isoform-specific manner, such that long isoforms specifically oligomerize even in the presence of
an excess of short forms of the receptor. This probably occurs via the JAK-binding motif in the
intracytoplasmic domain of ObRb (68). This is an important finding, as it provides a mechanism
whereby leptin can exert potent effects even in issues with a relatively low density of ObRb. Follow-
ing ligand binding, the leptin receptor is internalized via clathrin-mediated endocytosis at different
rates; ObRb is downregulated to the greatest extent and reaches the lysosome more rapidly than the
other isoforms (69,70).

Given that the extracellular domains of all the isoforms of the leptin receptor are identical, their
binding kinetics are also equivalent. Using a soluble extracellular receptor domain, the apparent af-
finity constant (Kd) was 9.5 nM, as measured by surface plasmon resonance (71). These data, along
with measured association and dissociation rate constants, give a calculated ligand–receptor half-life
of approximately 8 min. Furthermore, as the range of serum leptin levels in humans lies between 0.1
and 10 nM (10), then at steady state, over 50% of leptin receptors will be occupied by ligand. This
may be an important consideration when trying to understand the physiological role of leptin, because a
reduction of receptor occupancy from a high initial level may be more biologically significant that an
increase under the same circumstances.

3. IN VIVO MODELS OF LEPTIN DEFICIENCY

3.1. The ob/ob and db/db Mouse
Recessive mutations in the mouse diabetes (db) and obese (ob) genes have long been recognized

to cause a syndrome of obesity and diabetes resembling morbid obesity in humans (32,72). These
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mice are phenotypically identical, each weighing three times more than normal mice, with a fivefold
increase in body fat content. In his pioneering parabiosis work, Coleman showed that the obesity in
the ob/ob mouse was the result of the lack of a circulating satiety factor and that the phenotype of the
db/db mouse was probablycaused by a receptor defect for that factor (73,74). The ob/ob phenotype has
since been found to result from two different mutations in two different strains of mice. The mutation in
ob2j mice prevents synthesis of leptin caused by a mutation that results in the insertion of a retrovirallike
transposon in the first intron of the ob gene. This insertion contains several splice acceptor and
polyadenylation sites, which leads to the production of chimaeric RNAs in which the first exon is
spliced to sequences in the transposon. Thus, mature mRNA is not produced (6). In the C57BL/6 ob/ob
mutant, a nonsense mutation results in the production of a truncated inactive leptin (2).

The db/db mouse has been shown to have a missense mutation (G-T transversion) within an exon
encoding the extreme C-terminus and 3' untranslated region of ObRa, the predominant short isoform.
This generates a new splice donor site that results in the truncation of the intracellular domain of what
would have been the long isoform splice variant of the leptin receptor and instead generates a tran-
script encoding for a protein that is identical to the major short isoform, ObRa (48). The demonstra-
tion that the defect in the db/db mouse is in the leptin receptor gene confirmed the importance of the
ObRb receptor in body weight regulation (47). In vivo, the db/db mouse is resistant to the actions of
exogenous leptin administration (27,28).

All of these mice strains are obese and have insulin resistance, which leads to frank diabetes later
in life. The mice also exhibit the development of raised circulating corticosterone, which is partly
responsible for the insulin resistance (72). Male and female mice are sterile because of a variety of
reproductive disturbances. This sterility can be reversed in ob/ob mice with recombinant exogenous
leptin, but it is, of course, without effect on the db/db mouse (75). An additional phenotypic feature
of these mice is that they have impaired immunity, as will be discussed below.

3.2. Immunological Abnormalities of the ob/ob and db/db Mouse
Impaired cellular immune function was noted nearly 20 yr ago in both ob/ob and db/db mice, long

before the discovery of leptin (76–80). Leptin-deficient ob/ob mice and receptor-defective db/db
mice have been found to exhibit defective cell-mediated immunity and lymphoid atrophy analogous
to that observed in chronic human undernutrition, in which leptin levels are low. In one study, skin
graft rejection from a fully allogeneic mouse strain was delayed when grafted onto db/db mice com-
pared with wild-type controls (77). These mutant mouse strains also show increased susceptibility to
pathogens, most notably to coxsackie virus. In one study, infection of db/db mice with coxsackie
virus caused 100% mortality, as opposed to less than 10% mortality in the wild-type control group
(80). Of note, there seemed to be a discrepancy between the in vivo and in vitro results in that cell-
mediated immune responses were significantly impaired in vivo, but in vitro T-cell responses were
less affected (77). Further defects were found in thymic and splenic cellularity (76,77). All of these
defects were considered to be the result of some unidentified aspect of obesity (76).

4. STARVATION AND IMMUNE RESPONSES

4.1. Models of Starvation in Normal Mice
Animal models have been set up to investigate the effects of food restriction on immune responses.

It is important to define the terms of reference carefully when assessing the literature. Starvation is
defined as withholding all food for a short defined period and allowing the animal free access to
water. Following this short period of starvation, the animal is then allowed free access to food. A
period of 48 h of food withdrawal is usually used in mice, because 24 h produces mild immunosup-
pression only and 72 h causes unacceptable mortality. Most studies using rat models have employed
72-h food deprivation for similar reasons (14,81,82). Food restriction generally means reducing the
calorific intake to approx 30–50% of normal.
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Starvation causes significant immune impairment (83). It has been shown that acute starvation in
mice reduces the number of CD4+ T-cells and suppresses the development of T-cell-mediated immu-
nity (84). Furthermore, starvation causes delayed repopulation of the lymphoid compartment follow-
ing an insult, such as sublethal irradiation (85). The timing of the acute starvation appears to be
crucial in terms of influencing immune responses. Starvation around the time of priming to an anti-
gen has the greatest effect on reducing the subsequent T-cell immune response to that antigen. Star-
vation around the time of rechallenge also reduces the immune response, although by not to as great
an extent (82). Food restriction can also impair immune responses such that it can prevent death from
autoimmune nephritis in the NZB × NZW F1 model of murine lupus (86).

4.2. The ob/ob and db/db Mouse as a Model of Starvation

It has been suggested that the ob/ob and the db/db mice are models of “perceived” starvation,
despite their obvious obesity. Given that a falling leptin concentration can be considered a signal of
starvation, then mice deficient in leptin or its receptor become obese because they perceive that they
are starving and thus become hyperphagic (14). Furthermore, these strains of mice share many of the
other physiological and behavioral features of chronic starvation such as infertility, reduced thermo-
genesis, reduced physical activity, and food-seeking behaviour (18). Indeed, many authors consider
these mice to be good animal models of chronic starvation in man (20).

4.2. Malnutrition and Impaired Immune Responses

It has been well established that malnutrition and starvation cause significant impairment of the
immune system (87). The mechanism underlying this starvation-induced immunosuppression (SII)
has never been elucidated (88). This phenomenon is predominantly a selective impairment of the
cell-mediated immune response, with T-lymphocytes being particularly affected (89). Non-T-depen-
dent antibody responses and innate immune responses seem to be much less affected (90).

4.3. The Cell-Mediated Immune Response in Starvation

As mentioned earlier, the cellular immune system seems particularly sensitive to undernutrition
and starvation. The reasons for this are unknown and it has been hypothesized that much immunosup-
pression is the result of specific micronutrient deficiency. However, these deficiencies occur rela-
tively sporadically, yet the type of immune impairment seen is fairly consistent, casting some doubt
on this hypothesis. The immune phenotype seen in SII includes reduced delayed-type hypersensitiv-
ity responses (DTH), which is a sensitive measure of T-cell-dependent in vivo immune responses.
Furthermore, circulating peripheral T-cells are reduced, particularly naïve (CD45RA+) T-Cells (91).
T cell antigen-specific responses are severely impaired and vaccination efficacy is poor (92). Anti-
body responses are relatively preserved, but production of interferon (IFN)-γ is markedly reduced
both in vitro and in vivo (93). Children seem particularly affected by SII because of the immaturity of
their immune systems with diseases that are dependent on CD4+ T-cell responses being particularly
devastating (91,94). Worldwide, malnutrition is the commonest cause of immunodeficiency (93).

Anorexia nervosa is a human disease associated with marked weight loss. The immunological
changes observed in this condition mirror those seen in the SII discussed earlier. In particular, T-cell
production of IFN-γ is impaired, (95) as are DTH responses (96). Markers of T-cell activation are
reduced, as are circulating numbers of naïve T-cells (97). All of these situations are associated with
markedly suppressed leptin levels (14,15,98).

It has recently been shown that food restriction can alter immunity in such a way as to ameliorate
autoimmune disease in humans. Food restriction reduced CD4+ T-cell activation, increased IL-4 pro-
duction, and improved clinical and laboratory indicators of disease (99).
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4.5. Epidemiology of Starvation and Infection
The association between malnutrition and infection has been recognized since the 12th century,

when church records displayed an association between years of famine and epidemics of communicable
disease (91). More recently, similar conclusions have been reached in a more scientific epidemiological
study relating times of famine to disease epidemics (100,101). Malnutrition and infection are respon-
sible for 70% of deaths of children under 5 yr of age worldwide (91). Attempts to improve these figures
by vaccination against communicable diseases have been hampered by the fact that the generation of
immunological memory is impaired when the primary immune response is so poor (92).

5. THE EFFECTS OF LEPTIN ON THE IMMUNE SYSTEM

5.1. The Innate Immune Reponse
As mentioned earlier, the pattern of leptin release during an acute-phase response mirrors other

cytokine gene expression, particularly IL-6 (11–13). It has been shown that LPS, IL-1, TNF-α, and
other inflammatory stimuli increase gene expression and serum concentration of leptin as early as 6 h
after the initial stimulus. The induction of gene expression makes leptin an ideal candidate to be a key
player in an immune/inflammatory response. It is of particular interest that LPS binds to a Toll-like
receptor (TLR-4) on adipocytes and induces adipocyte expression of TLR-2 and secretion of leptin
and other proinflammatory cytokines (102). TLR engagement provides an elegant mechanism
whereby the production of leptin is induced at the start of an immune response before cognate rec-
ognition of a foreign antigen has occurred, which will, in turn, upregulate Th1 cognate immune
responses if appropriate (see Section 5.2). This further illustrates the well-accepted concept of a
critical interplay between noncognate and cognate immune responses, which serves to coordinate the
host response to any foreign or “dangerous” antigen (103). Leptin itself does not cause induction of
other acute-phase proteins, which distinguishes it from other members of the IL-6 family (104).

It was initially thought that the induction of leptin expression during an acute-phase response was
responsible for the anorexia of infection (11). However, it has since been shown that LPS-induced
anorexia occurs in the absence of leptin (105), indicating that other factors are responsible for this
phenomenon.

Leptin induces proinflammatory or Th1-type cytokines from a variety of cell types, including T-cells
(see Section 5.2). It has been clearly shown that macrophages express the leptin receptor and respond
to added exogenous leptin by increasing the synthesis and release of TNF-α, IL-6, and IL-12 (56,106).
It is important to note that in most studies, the basal synthesis of these cytokines is not affected by
leptin. It is only the stimulated production that is enhanced (e.g., after addition of LPS), indicating
that leptin does not initiate immune responses per se, but rather influences their outcome. There is
some in vitro and in vivo data to suggest that leptin enhances the phagocytic and bactericidal activity
of neutrophils and macrophages (107). One study showed that leptin-deficient mice were unable to
clear Escherichia coli as efficiently as normal mice and that phagocytosis by peritoneal macrophages
from these mice was significantly impaired (56). Other experiments show that in vitro, leptin enhances
the phagocytic activity of macrophages against Leishmania major and Candida parapsilosis (108).
In contrast with these data, there is evidence that leptin can induce IL-1Ra production from mono-
cytes in vitro, which acts as an anti-inflammatory protein (109).

There is a body of data relating the responses of leptin-deficient ob/ob mice to septic shock, which
indicates that these mice are more sensitive to LPS-, or TNF-α- induced injury (110,111). It has been
suggested that ob/ob mice have increased numbers of circulating monocytes and that this may under-
lie their hypersensitivity to septic shock (112). The cytokine responses in ob/ob mice in these models
do show marked dysregulation, but, as yet, there is not a clear mechanism to explain these findings.
It may well be that in the total absence of leptin, these mice have a chronic undiagnosed infection that
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renders them susceptible to LPS-induced shock, such as occurs in normal mice primed with Propi-
onibacterium acnes (113). Alternatively, alterations in lymphocyte apoptosis may underlie this phe-
nomenon, as enhanced lymphocyte apoptosis is associated with impaired survival in LPS-induced
shock and leptin has been shown to have antiapoptotic properties (see Section 5.3) (114). Whatever
the mechanism, it is clear that in the absence of leptin, either congenitally in the ob/ob mouse or
acutely during starvation (115), sensitivity to septic shock is markedly increased and that this hyper-
sensitivity is reversed by exogenous leptin treatment.

5.2. The Cognate Immune Response
As mentioned earlier, the innate and cognate immune systems are interlinked, so that many of the

effects of leptin discussed in Section 4 will have implications for the behavior of responding lympho-
cytes. It is also clear that an organism mounts a coordinated immune response to an infectious pathogen
that initially comprises innate immunity and then evolves, if appropriate to involve the cognate immune
system. An important point of communication between the innate and cognate arms of the immune
systems lies with macrophages and dendritic cells. These cells produce cytokines that polarize and
activate T-cell responses and act as professional antigen-presenting cells by presenting peptide bound
to major histocompatibility complex (MHC) molecules to T-cells along with high levels of
costimulation. As leptin can effect the production of proinflammatory cytokines from macrophages
(56) and dendritic cells (GM Lord, unpublished data) and also increase expression of MHC molecules
and costimulatory molecules (106), it can be seen how this will affect T-cell immune responses.

As mentioned in Section 3 of this chapter, mice deficient in either leptin or its receptor were
known to have marked defects in T-cell-mediated immunity long before leptin was cloned. Since the
discovery of leptin, these findings have been extended in other T-cell-dependent in vivo models. It
has also been possible to confirm that these defects are directly attributable to leptin, as it is possible
to add back recombinant leptin to the system studied and see correction of the deficit. The only
articles regarding specific pathogen responses in leptin-deficient hosts are the studies by Loffreda et
al. (56) showing that ob/ob mice display impaired clearance of E. coli and the article by Webb (80)
demonstrating the startling susceptibility of db/db mice to coxsackie virus infection. Further studies
are currently ongoing and suggest that ob/ob mice have impaired cellular immune responses to BCG
(Lord, unpublished data). Therefore, in terms of in vivo responses to other pathogens in animals, we
have to extrapolate from the autoimmune models already studied, for the time being.

It has been shown that ob/ob mice are completely resistant to a concanavalin A (Con A)-induced
T-cell-mediated hepatitis. This resistance was abrogated by exogenous leptin replacement (112). It
was also demonstrated that equally obese mice that had had their endogenous leptin levels raised by
a hypothalamic lesion induced by an injection of gold thioglucose had worse hepatitis that lean wild-
type mice (116). This would suggest that the key cytokine in this T-cell-dependent model was leptin.
Similar findings have been reported in a Th1-dependent model of colitis, which shows elevated leptin
levels during the induction of colitis that correlate with the severity of the colonic inflammation
(117). Interestingly, human studies have reported that serum leptin levels do not necessarily correlate
with the severity or the presence of colitis. This is entirely consistent with the animal model, whereby
at later stages of the disease, leptin levels are not particularly raised. The ob/ob mice are protected
from induction of this disease and this protection is reversed by administration of exogenous recom-
binant leptin. Furthermore, much lower levels of the proinflammatory cytokines IFN-γ, TNF-α, and
IL-18 were found in the ob/ob mice in this model.

Probably the best studied model of T-cell-mediated autoimmune disease is experimental autoim-
mune encephalomyelitis (EAE), a murine model of multiple sclerosis in humans. This disease is
critically dependent on antigen-specific CD4+ Th1 cells that produce IFN-γ, because it can be adop-
tively transferred by these cells into a naïve host. Antigen-specific CD4+ T-cells that have a Th2
phenotype and produce IL-4 do not cause disease and, under some circumstances, can be protective.
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The ob/ob mice are totally resistant to induction of EAE but develop disease to the same extent as
wild-type mice when given leptin exogenously (118). This disease protection is caused by skewing of
the immune response toward a Th2 phenotype. When leptin is given to ob/ob mice, Th1 CD4+ T-cells
are generated normally and produce similar amounts of IFN-γ in vitro to wild-type mice. Associated
with this is impaired antibody isotype switching. In untreated ob/ob mice, all of the antigen-specific
antibody produced in IgG1 (Th2-dependent antibody). In wild-type and leptin-treated mice, the anti-
gen-specific antibody is mainly IgG2a, which is a Th1-dependent isotype. These findings have been
essentially replicated in a murine arthritis model (119). To extend these findings further, we looked at
EAE-prone and EAE-resistant normal mice strains. Male SJL mice, which have lower endogenous
leptin levels, are resistant to EAE, whereas females are susceptible. Exogenous leptin rendered the male
mice susceptible to EAE and worsened disease in females (120). These data may well be informing us
of an additional factor in the sexual dimorphism of autoimmune disease (121).

Findings in vitro support the above in vivo data. Essentially, T-cells respond to exogenous leptin by
increased proliferation and increased Th1-type cytokine production in the context of the mixed lympho-
cyte reaction in both humans and mice. This is associated with suppression of Th2 cytokine production
(1,55). In the case of polyclonal stimulation, memory T-cell (CD45RO+) proliferation is inhibited,
IFN-γ production is increased, and naïve T-cell (CD45RA+) proliferation is increased (122). Therefore,
in two different in vitro systems, leptin seems to have differential proliferative effects on naïve and
memory T-cell proliferation, but consistently upregulates Th1 cytokine production. These differential
effects have been confirmed using naïve T-cells from cord blood as responder cells (1,122).

5.3. Leptin and the Thymus
The thymus is known as the barometer of nutrition and its size and function are severely impaired

in malnutrition (91). It would appear that leptin is a key mediator of thymic atrophy in starvation
because ob/ob mice have a hypocellular thymus as a result of enhanced apoptosis and this is reversed
by leptin administration (112,123). Furthermore, a model of acute starvation in mice induces pro-
found thymic atrophy, which can be entirely prevented by leptin administration during the period of
starvation (123). Thymic output is more pronounced in the earlier years of life in humans and this may
explain the greater susceptibility of children to infectious diseases, although it is clear that thymic
output occurs throughout life and can be increased when the T-cell repertoire needs to be replenished.

In vitro, leptin prevents steroid-induced apoptosis of thymocytes (123). This antiapoptotic phe-
nomenon of leptin has also been observed in myeloid cells (124) and pancreatic β-cells and probably
occurs as a result of leptin-induced maintenance of bcl-2 expression (125).

5.4. Leptin and Infectious Diseases: The Immunosuppression of Starvation?
It has been suggested earlier that the main effects of leptin on immune responses may well be in

relatively hypoleptinaemic states. These occur primarily during starvation and may be important in
explaining starvation-induced immunosuppression that is responsible for a great deal of infectious
disease worldwide. There are good animal data to suggest that in models of acute and chronic starva-
tion or food restriction, cellular immune responses are particularly affected (89–91,94). This immune
dysfunction can, for the most part, be abrogated by the administration of leptin. This has been shown
to be true in delayed-type hypersensitivity responses (1,123), thymic atrophy and apoptosis (123),
and septic shock (115).

In humans, the data seem to suggest that leptin may be important in protection from infectious
disease. Most of these studies have looked at serum leptin levels and correlated them with survival
from sepsis. As mentioned earlier, leptin levels usually correlate with severity of inflammation in
rodent models and humans if early enough time-points are analyzed (see Section 5.4). Two indepen-
dent studies have shown that there is a positive correlation between leptin levels and survival from
sepsis in the setting of an intensive care unit (126,127), although one other study found no change in
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serum levels of leptin during sepsis (128). It has been suggested that leptin may be useful as adjunc-
tive therapy in the treatment of infectious disease, but there is no animal or human data to support this
view as yet (129).

It is clear, however, that in the complete absence of leptin in humans, the propensity to infectious
disease is markedly increased. In one consanguineous pedigree, 64% of individuals homozygous for
a deletion of the ob gene died from infectious disease compared with none of the heterozygotes (130).

CONCLUSION

Initially, leptin was implicated in the regulation of body weight and reproductive function (29).
However, recent reports of its effect on the immune system both in vitro and in vivo indicate that it
has a role in modulation of a wide variety of immune responses. The light in which we see the
biological role of leptin is changing to reflect its pleiotrophic functions, and the most satisfactory
evolutionary explanation is that falling leptin concentrations signal impending energy/nutrient defi-
ciency. This is supported by most of the experimental data to date and implies that falling leptin levels
reduce the energy utilization of extraneous or nonimmediately vital systems such as the immune system
and the reproductive system. This would serve to preserve limited energy for cardiac and cerebral
metabolism, but at the expense of an increased risk of infection. Immune responses use up significant
amounts of energy, which can be life threatening at times of energy scarcity. We propose that one of
the functions of leptin is to prevent this from happening (131). The data discussed here may help to
explain the occurrence of immune dysfunction in humans with low body weight and the observation
that caloric restriction is able to abrogate autoimmune disease in several animal models. Leptin may,
therefore, be the key link between nutritional status and an optimal immune response and may pro-
vide the explanation for starvation-induced immunosuppression, which is responsible for millions of
deaths per year worldwide. Furthermore, leptin represent a novel axis of control of immune responses,
which may lead to the possibility of pharmacological intervention for the treatment of a variety of
disease states.
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Cytokine Gene Polymorphism

and Host Susceptibility to Infection

Frank Stüber

1. INTRODUCTION

The individual susceptibility to infection of any organism is determined by a variety of factors
such as environmental conditions of the host, pathogenicity of infecting microbes, and the effective-
ness of the host’s defense systems. The induction of specific immune responses such as antibodies
released by β-cells and effector T-cells directed against antigens of invading microbes rely on anti-
gen-presenting cells such as macrophages and dendritic cells. These “smart weapons” guarantee the
elimination and clearance of antigens and invaders from the body without harming the host’s own
cellular and organ structure and function. In contrast, molecules as part of the evolutionary older
innate immune system like defensins or cytokines may prove to be harmful for the host if released in
excessive amounts into systemic circulation. On the other hand, low levels of these molecules locally
released at the site of infection may result in insufficient clearance of invading microbes.

The host’s inflammatory response to infection contributes as a main factor to morbidity and mor-
tality in today’s intensive care units, and it displays a high interindividual variation (1) that is not
sufficiently explained by single factors such as gender (2). Comparable amounts of infectious units
of microbial organisms induce a wide range of severity of infectious diseases. The role of an
individual’s genetic background and predisposition to the extent of inflammatory responses is also
determined by genetic variants of endogenous mediators that constitute the pathways of endogenous
mediators of host responses to infection. Important candidate genes for host susceptibility to infec-
tion are cytokine genes.

Primary responses in inflammation are mediated by pro-inflammatory cytokines such as tumor
necrosis factor (TNF) and interleukin 1 (IL-1) (3). Recent evidence suggests that anti-inflammatory
mediators have important effects on the host’s immune system (4). Anti-inflammatory mediators
induce a state of immunosuppression in sepsis that has also been named “immunoparalysis” (5). Pro-
inflammatory and anti-inflammatory responses contribute to the outcome of patients with systemic
inflammation and sepsis in humans. The genetically determined capacity of cytokine production and
release may contribute to a wide range of clinical manifestations of inflammatory disease: a patient
with peritonitis, for example, may present without symptoms of sepsis and recover within days or
may suffer from fulminant septic shock, resulting in death within hours.



24 Stüber

2. CYTOKINE GENE POLYMORPHISM: CANDIDATE GENES

2.1. Tumor Necrosis Factor
Primary proinflammatory cytokines like TNF and IL-1 induce secondary proinflammatory and

anti-inflammatory mediators like IL-6 and IL-10. They have been shown to contribute substantially
to the host’s primary response to infection. Both TNF and IL-1 are capable of inducing the same
symptoms and the same severity of septic shock and organ dysfunction as endotoxin in experimental
settings as well as in humans (6). Genetic variations in the TNF and IL-1 genes are of major interest
concerning genetically determined differences in the susceptibility and response to infection.

Tumor necrosis factor is considered one of the most important mediators of endotoxin induced
effects. Interindividual differences of TNF release have been described (7,8).

The TNF locus consists of three functional genes. TNF is positioned between lymphotoxin β
(LTβ) in the upstream direction and lymphotoxin α (LTα) in the downstream direction. Genomic
polymorphisms within in the TNF locus have been under intense investigation.

Genetic variation within the TNF locus is rare, as the TNF gene is well conserved throughout
evolution (9). Especially, the coding region is highly conserved.

The main interest has been focused on the genomic variations of the TNF locus: Biallelic poly-
morphisms defined by restriction enzymes (NcoI, AspHI) or other single base-changes (–308, –238)
as well as multiallelic microsatellites (TNFa–e) have been investigated in experimental in vitro stud-
ies and also in various diseases in which TNF is considered as an important or possible pathogen.
Functional importance for regulation of the TNF gene has been suggested for two polymorphisms
within the TNF promoter region. Single-base changes have been detected at positions –850, –376,
–308, and –238 (10–13). A G to A transition at position –308 has been associated with susceptibility
to cerebral malaria (14). These results could not be confirmed by another malaria study that showed
fewer fever episodes in heterozygous carriers of the allele TNF2 (15). In contrast, more recent find-
ings link altered OCT-1 binding in the TNF promoter with susceptibility to severe malaria (11).
Further evidence for the association of quantitative cytokine responses with susceptibility to para-
sitemia has been reported very recently (16). Even susceptibility to Helicobacter pylori infection has
been examined and shows a correlation of the rare allele TNF2 of the –308 polymorphism with
infection with the cagA subtype in Korean patients with gastric disease (17). Studies linking TNF
genomic variability to the incidence or severity of viral hepatitis C infection or response to antiviral
therapy could not be confirmed by Rosen et al. (18), whereas allele TNF2 might display protective
effects in cytomegalovirus infection (19).

The rare allele TNF2 (A at position –308) was suggested to be linked to high TNF promoter
activity (14). Autoimmune diseases like diabetes mellitus or lupus erythematosus did not show dif-
ferences of allele frequencies or genotype distribution between patients and controls (20,21). In addi-
tion, patients with severe sepsis and a high proportion of Gram-negative infection also did not display
altered allele frequencies concerning both biallelic promoter polymorphisms (positions –238 and –308)
(22). Analysis of the TNF promoter by means of reporter gene constructs revealed contradictory
results. A first report supposed a functional importance of the –308 G to A transition (14). Two
articles could not confirm differences of the TNF promoter activity in relation to the –308 polymor-
phism (22,23). A recent article reported a possible influence on TNF promoter activity by the –308 G
to A transition in a B-cell line (214). Data demonstrating an impact of this genomic polymorphism on
transcription are rather weak, as reports predominantly derive from one group (25) (see Table 1),
findings seem to be restricted to few cell lines, and impaired or enhanced binding of transcription
factors has not been shown. In addition, the difference in transcription rates in the responsive cell line
seems to require a specific stimulus (PMA plus retinoic acid) (26).
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Studies trying to associate incidence or severity of infectious disease with TNF polymorphisms
have been published on a variety of pathogens. Positive associations of the biallelic TNF –308 as
well as LTα polymorphisms with susceptibility to mucocutaneous leishmaniasis and leprosy have
been reported (27,28).

Genotyping of this polymorphism in patients with severe sepsis or septic shock still shows contro-
versial results. In contrast to the negative findings in sepsis are the results of two recent studies that
suggest an association of the rare allele TNF2 with nonsurvivors of septic shock (29,30). These pub-
lications again open the discussion about functionality of the –308 TNF promoter polymorphism and
its possible relevance for routine clinical use. In addition to the discussion about the relevance of
association, formal standards of genotyping techniques have to be established. Are there typing tech-
niques like allele-specific amplification that imply overestimation or underestimation of certain alle-
les and genotypes?

In contrast to genomic variations located in the promoter region, intronic polymorphisms are more
difficult to associate with a possible functional relevance. Two biallelic polymorphisms located within
intron 1 of LTα have been studied in autoimmune disease (31,32). One polymorphism is character-
ized by the absence or presence of a NcoI restriction site. First reports demonstrated genomic blots
revealing characteristic 5.5- or 10.5-kb bands after genomic NcoI digest, which hybridize to TNF-
specific probes (33). These bands correspond to presence and absence, respectively, of a NcoI restric-
tion site within intron 1 of lymphotoxin α.

The allele TNFB2 of this NcoI polymorphism (10.5-kb band) has been shown to be associated
with high TNF release ex vivo (34). Other studies showed no differences between genotypes in other
models of ex vivo TNF induction, whereas another study suggests an increased LTα response in
TNFB2 homozygotes (8). The question of which genotype is clearly associated with a high pro-
inflammatory response in the clinical situation of severe Gram-negative infection and severe sepsis
cannot yet be answered by ex vivo studies. Different conditions of cell culture and cytokine induction
contribute to differing results. In addition, the genomic NcoI polymorphism within intron 1 of the
LTα gene may represent a genomic marker without evidence for own functional importance in
gene regulation. This genomic marker may coincide with so far undetected genomic variations that are
responsible for genetic determination of a high proinflammatory responses to infection. Results from
studies in patients with severe intra-abdominal sepsis suggest TNFB2 homozygotes to be associated
with a high TNF response. In contrast, genotyping for another biallelic polymorphism within intron 1
of LTα (AspHI) did not show significant association to TNF plasma levels (data not shown).

Several studies in chronic inflammatory autoimmune diseases suggest an association between
TNFB2 and incidence or severity and outcome of the disease (31,32,35). Studies in acute inflamma-
tory diseases like severe sepsis in patients in surgical intensive care units showed a correlation between

Table 1
Actual Evidence that Association of TNF Polymorphisms with Gene Function is Weak

TNF promoter Promoter Association with Susceptibility
 polymorphisms activity Protein expression to infection

–238 Uncertain Uncertain Uncertain
–308 In B-Lymphocytes In septic shock Uncertain
TNF locus polymorphisms
NcoI Unknown In peritonitis In trauma
TNFa–e microsatellites Unknown Uncertain Unknown
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TNFB2 homozygosity and mortality (22) or incidence of septic states in traumatized patients (36).
TNFB2 homozygotes displayed a relative risk of 2.9 of dying from severe sepsis when compared to
corresponding genotypes.

2.2. Interleukin-1

In addition to TNF, IL-1 is another potent proinflammatory cytokine released by macrophages in
the systemic inflammatory response. IL-1 is capable of inducing the symptoms of septic shock and
organ failure in animal models and is regarded as a primary mediator of the systemic inflammatory
response. Antagonizing IL-1 in endotoxin challenged animals including primates abrogates the lethal
effects of endotoxin (37). A biallelic TaqI polymorphism has been described within the coding region
(exon 5) of IL-1β (38,39) Despite the finding that a homozygous TaqI genotype correlates with high
IL-β secretion (38), genotyping of patients with severe sepsis did not reveal any association with
incidence or outcome of the disease. In contrast, the allele T of the IL-1BC-31T polymorphisms has
been linked to susceptibility to persistent H. pylori infection in Japanese patients following an eradi-
cation program (40).

2.3. Interleukin-1 Receptor Antagonist
Proinflammatory mediators comprise the hyperinflammatory side of the host’s response to infec-

tion. At the same time, anti-inflammatory mediators are induced by proinflammatory cytokines and
try to counterbalance the increased inflammatory activity. This physiologic process of limiting the
extent of inflammation by release of anti-inflammatory proteins may escape physiologic boundaries
of local and systemic concentrations of these mediators. Proteins like IL-4, IL-10, IL-11 or IL-13, or
IL-1ra contribute to a very powerful downregulation of cellular and humoral proinflammatory
activities. This downregulation results in decreased expression of class II molecules in antigen pre-
senting cells as well as in low ex vivo responses of immuncompetent cells to inflammatory stimuli.
This state of imunosuppression has also been termed “immunoparalysis” (5). It results in a situation
of anergy and diminished capabilities of fighting infectious pathogens. A new term for this status,
which is a consequence of the systemic inflammatory response, is “compensatory anti-inflammatory
response syndrome” (CARS) (41). The outcome of patients with, for example, severe sepsis is not
only influenced by hyperinflammation in fulminant situations of progressing organ dysfunction but
may also be limited by immunosuppression and lack of restoration of immune function. In this view,
an overwhelming anti-inflammatory response with a possible genetic background of interindividual
differences in the release of anti-inflammatory mediators following infection contributes to the human
systemic inflammatory reaction to a similar extent as proinflammatory responses.

A genomic polymorphism of the anti-inflammatory cytokine IL-1ra is located within intron 2 and
consists of variable numbers of a tandem repeat (VNTR) of a 86-bp motif. This 86-bp motif contains
at least three known binding sites for DNA-binding proteins (42). Ex vivo experiments suggest that
higher IL-1ra responses combined with alleles containing low numbers of the 86-bp repeat. Ex vivo
studies also demonstrate a higher level of IL-1ra protein expression and protein release of A2 homo-
zygous individuals compared to heterozygotes following stimulation with lipopolysaccharide (43).

The allele A2 has been associated with the incidence of autoimmune diseases like lupus erythema-
tosus and insulin-dependent diabetes mellitus (44,45). In acute systemic inflammation, there is no
difference between surviving or nonsurviving patients with severe sepsis. This finding is in contrast
to the results concerning the biallelic NcoI polymorphism within intron 1 of LTα: Homozygotes for
the TNFB2 genotype revealed a high mortality when compared to heterozygotes and TNFB1 ho-
mozygotes. The overall group of patients with severe sepsis did not show an increase in the TNFB2
allele frequency. For the IL-1ra polymorphism, however, an increase of the allele A2 in the patients
with severe sepsis was detected. Patients carrying the haplotype TNFB2 homozygous and A2 homo-
zygous did not survive in this study.
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Negative associations between IL-1ra polymorphisms and susceptibility to infection have been
suggested for vaginal mycoplasma colonization, cytomegalovirus and Epstein–Barr virus infection
as well as human immunodeficiency virus (HIV) reproductivity and hemorrhagic fever caused by a
hantavirus (see reviews in refs. 46,47).

3. FINDINGS IN OTHER CYTOKINE CANDIDATE GENES

Interleukin-10 shows well-defined haplotypic promoter variation. High IL-10 secretors presenting
with fever of unknown origin display an increased mortality rate (48), whereas susceptibility to severe
meningococcal disease as well as poor outcome seem to be linked to inherited high IL-10 secretion
and low TNF release in a family study testing ex vivo cytokine inducibility (49). IL-10 promoter
genotypes could not be associated with incidence or outcome of severe abdominal sepsis (Fig. 1).

 In viral infections, IL10-1082 promoter polymorphism has been associated with susceptibility to
chronic hepatitis C infection and resistance to antiviral therapy (50). Another publication suggests
that high IL-10 secretion indicated by the –1082 polymorphism or the promoter haplotype defined by
single nucleotide polymorphisms at positions –1082, –819, and –592 protects against Epstein–Barr
virus infection (51,52).

Interestingly, another cytokine promoter polymorphism, interleukin-8-251A, has been associated
with high IL-8 release and, possibly because of the IL-8 proinflammatory profile, also associated
with the incidence of virus bronchiolitis in an excellent family-based study (53).

Other results show that lipopolysaccharide (LPS)-binding protein may contribute to susceptibility
to severe sepsis (54), as suggested in a study also investigating the effects of gender. Genomic vari-
ability in chemokine genes have been demonstrated to influence the course of HIV infection (55–57).

4. SIGNAL TRANSDUCTION PATHWAYS
IN INFECTION INDUCING CYTOKINES

Transduction of the LPS signal into the cell has been an unknown mechanism until recently. An
analogon of the so-called Toll-like receptor in Drosophila species that transduces signals for the
elaboration of innate immune responses in flies directed against bacteria and fungi has been identi-
fied in mice and other species (58). A single-basepair change resulting in an amino acid change of the

Fig. 1. Comparison of allele frequencies of IL-10 promoter polymorphisms in nonsurvivors (n = 67) and
survivors (n = 63) with severe abdominal sepsis (p > 0.05).
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murine Toll-like receptor 4 (TLR4) renders the extensively studied mouse strain CH3/HeJ highly
resistant to LPS challenge (59). Ten Toll-like receptors (TLR1–10) (60) have been identified in mam-
mals so far. TLR2 has been identified to transduce peptidoglycan stimulation by Gram-positive or-
ganisms (61–63). In contrast, TLR4 seems to play a key role in the LPS-induced signaling pathway.
TLR9 transduces inflammatory effects of bacterial DNA.

The presence of a functional TLR4 gene and gene product appears to be one of several determi-
nants of outcome in Gram-negative infection. A first preliminary report suggests that a rare
Arg753Gln mutation might render patients with sepsis susceptible to staphylococcal infection (64).
Another rare Arg677Trp variation of TLR2 has been linked to susceptibility to lepromatous leprosy
(65). Studies to test the association of the rare TLR4 variations with incidence and course of infec-
tious disease are ongoing (66,67).

5. CONCLUSION

Uncovering and understanding the genetic determination of the susceptibility to infection offers
the chance of developing valuable diagnostic tools and new therapeutic approaches in severe sepsis.
Evaluation of candidate genomic markers for risk stratification of individuals at high risk of develop-
ing infectious disease has just begun. Many candidate genes still have to be studied and clinical
significance of genomic markers will be tested. In addition, this new approach may prove to be a
valuable inclusion criterion for studies testing the prevention of infectious diseases in subpopulations
known to be at high risk because of genomic predisposition. Most studies so far include rather small
numbers of individuals and are in danger of being statistically underpowered and lack quality control
of genotyping. New study designs will provide the scientific community with adequately powered
studies, well-established concepts of genetic epidemiology, and quality control criteria of genotyping.
These designs will include the determination of the genomic background variability in a given popu-
lation to control for false-positive association (concept of genomic controls). Technical progress will
allow researchers to step beyond candidate gene approaches and scan the genome to discover previ-
ously unnoticed loci of interest. Extension of single genomic marker analysis to haplotype analyses
including functionally relevant alleles may reveal the highest informativity and diagnostic relevance
even before the era of widely available genomic scans.
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Proinflammatory and Anti-Inflammatory Cytokines

as Mediators of Gram-Negative Sepsis

Jean-Marc Cavaillon

1. INTRODUCTION

Severe sepsis represents 2.26 cases per 100 hospital discharges in the United States (1). With an
estimate of 751,000 cases a year in the United States and a 28.6% mortality, severe sepsis is respon-
sible for 9.3% of the deaths in this country (i.e., as many deaths annually as those from acute myocar-
dial infarction). Although in the past, Gram-negative sepsis cases were most frequent, recent surveys
suggest that around 35% of the sepsis cases are the result of Gram-negative infections (2,3). Gram-
negative bacteria possess the capacity to elicit the production of numerous cytokines by host cells,
particularly monocytes/macrophages. Endotoxin (lipopolysaccharide [LPS]), a major component of
the cell wall of Gram-negative bacteria, is one of the most potent inducers of inflammatory cytokines.
It is worth noting that endotoxins activate complement and coagulation, of which derived factors
further act synergistically with LPS to generate higher release of cytokines. LPS binds to CD14, and
CD14 knockout (KO) mice are resistant to a lethal injection of LPS, whereas lethal administration of
Escherichia coli produces little or no response (4). However, in the cecal ligature and puncture model
of sepsis, no significant differences in mortality between CD14 KO and control mice were reported,
although CD14 KO mice consistently showed lower levels of cytokines (5). In human volunteers
receiving an injection of LPS, anti-CD14 attenuated LPS-induced clinical symptoms and strongly
inhibited LPS-induced proinflammatory cytokines, but only delaying the enhancement of circulating
soluble tumor necrosis factor (TNF) receptors and interleukin (IL)-1 receptor antagonists (6). CD14
is anchored to the membrane by a phosphatidyl-inositol group and is associated with heterotrimeric G-
proteins that regulate p38 mitogen-activated protein kinase (MAPK) and cytokine production (7). The
recent discovery of the Toll-like receptors (TLRs) has allowed the identification of an important com-
ponent of the LPS-receptor, which signals the cells and leads to cell activation: Signaling by LPS is
mediated by a molecular complex including the TLR4, and MD2 molecules express on the cell surface
(8,9). However, in a model of Gram-negative sepsis, TLR4-deficient mice (C3H/HeJ) displayed sensi-
tivity to iv injection of E. coli equal to that of normal mice and had a similar interferon-γ (IFN-γ) plasma
levels despite an attenuated TNF response (10). It is worth recalling that, in vitro, whole bacteria lead to
higher levels of TNF by human monocytes than isolated LPS (11). This is also true for IL-1α and IL-6,
whereas interleukin-12 production by dendritic cell requires the lipopolysaccharide expression in intact
Neisseria meningitidis bacteria (12). Indeed, many other bacterial components possess the property to
generate cytokine production. Recently, the contribution of various members of the TLR family was
established: fimbriae activate cells via TLR4 (13), flagelin via TLR5 (14), lipoprotein and peptidogly-
can via TLR2 (8), and fragment of bacterial DNA containing CpG sequence via TLR9 (15). Because of
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their exacerbated productions, proinflammatory cytokines can be detected in many biological fluids
and particularly in the bloodstream. Their production is essential to fight the infectious process, and
their neutralization by antibodies or their absence in knockout mice has always been shown to be delete-
rious. In contrast, their excessive production is accompanied by numerous side effects that can result in
organ damage and death (Fig. 1). Anti-inflammatory cytokines are also produced in great excess in
sepsis and, in most cases, their high concentrations correlate with a poor outcome. Although the anti-
inflammatory actors are required to limit the excessive inflammatory process, most probably the im-
mune depression observed in sepsis patients is, in part, a consequence of their excessive production.

2. DETECTION OF CYTOKINES IN THE BLOOD COMPARTMENT

2.1. Circulating Cytokines and Soluble Receptors
2.1.1. Tumor Necrosis Factor and Lymphotoxin-α

In 1986, TNF was the first cytokine identified in the sera of patients with septicemia (16) and later
in patients with meningococcal sepsis (17,18). Although a correlation between poor outcome and
high levels of circulating TNF exists in the case of meningococcal sepsis (17,18), in other forms of
sepsis, some authors also observe such a correlation (19,20), whereas others did not (21,22). Kinetics
of plasma TNF have been reported (20,22): The persistence of detectable TNF rather than the peak
level is associated with fatal outcome (21,23), and high TNF levels are correlated with severity of
illness and elevated APACHE II scores. In contrast, during intraperitoneal sepsis, high levels of
circulating TNF are associated with a favorable prognosis, whereas low levels are correlated with
fatal outcome (24,25). Some authors reported that the TNF levels were higher in Gram-negative than
in Gram-positive sepsis, although this was not observed in all studies. In meningococcal sepsis, lev-
els of TNF are higher in cerebrospinal fluids (CSFs) than in plasma (26) and not detected in CSFs of
nonbacterial meningitis (27). Injection of LPS in human volunteers and in animal models leads to a
plasma peak of TNF at 90 min, and its level may be upregulated by administration of ibuprofen (28)
or G-CSF (29) and downregulated by epinephrine (30).

Lymphotoxin-α (Ltα) is a cytokine essentially produced by activated T-lymphocytes. It shares
with TNF the same receptors and, thus, most of its activities. Essentially, Ltα should be expected in
Gram-positive sepsis because Gram-positive bacteria release various T-cell activators known as
superantigens (31). To our knowledge, Ltα has never been reported in human Gram-negative sepsis
(32). On the contrary, in patients with streptococcal toxic shock syndrome, circulating Ltα was found
to parallel the levels of the circulating superantigen (33).

2.1.2. Interleukin-1
Interleukin-1β has been regularly reported in plasma of sepsis patients, whereas IL-1α has rarely

been observed when investigated. IL-1β was found in 0–90% of septic patients, depending on the
studies, the nature of the sepsis, and the nature of the technique used to assess its presence. The
highest frequency of detectable levels of IL-1β was observed among patients with meningococcal
sepsis (34) and high levels of IL-1β correlate with the severity of meningococcaemia, the presence of
shock, high APACHE II scores, and rapid fatal outcome (18,32,34). Such correlations were not
observed in other forms of sepsis (22). In some studies, an IL-1β survey was performed and either
high levels at admission followed by a decrease or sustained levels were reported (20,22).

2.1.3. Interleukin-6
The presence of IL-6 in plasma of sepsis patients was first reported in 1989 (32,35). Plasma IL-6

has been observed in 64–100% of the studied patients. Most investigators have demonstrated that
levels of circulating IL-6 correlate with severity of sepsis and may predict outcome (22,32,35,36), as
illustrated by the correlation between IL-6 levels and APACHE II scores (37). Numerous correla-
tions between IL-6 levels and other markers have been reported including C3a, lactate (35), circulat-
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Fig. 1. Gram-negative bacteria and Gram-negative bacteria-derived products interact with macrophages (MØ) via various receptors, including
the Toll-like receptors (TLR), and induce numerous proinflammatory cytokines that, in turn, induce a cascade of cytokines and other
proinflammatory mediators. The inflammatory response is essential for the anti-infectious process (upper part of the schema). Bacteria and bacte-
rial derived products also induce the release of anti-inflammatory cytokines and anti-inflammatory mediators targeting interleukin-1 (IL-1 receptor
antagonist, IL-1ra; soluble IL-1 receptors, sIL-1R) and tumor necrosis factor (soluble TNF receptors, sTNFR). The central nervous system (CNS)
is the source of numerous neuromediators that also counteract the inflammatory response. The anti-inflammatory response is required to induce the
resolution of the inflammation but may be associated with an induction of an immune depression (lower part of the scheme).
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ing endotoxin (34,38), C-Reactive protein (CRP) (37), and TNF (32,34,36). IL-6 levels are similar in
Gram-positive or Gram-negative sepsis (22). Injection of endotoxin in human volunteers revealed
that the peak level was reached 2 h after injection (39,40).

2.1.4. Members of the gp130 Superfamily

Numerous cytokines share with IL-6 the gp130 chain of the receptor. This defines a cytokine
superfamily that includes IL-11, leukemia inhibitory factor (LIF), ciliary neurotrophic factor (CNTF),
and oncostatin M (OSM). Divergent reports concern IL-11, which was detected in 67% of patients
with disseminated intravascular coagulation complicated by sepsis (41) but not in patients suffering
from septic shock (42). First reported in 1992 (43), detectable levels of LIF were found in plasma of
9–40% septic patients (42,44). Levels of circulating LIF correlate with shock, temperature, creati-
nine, and IL-6 (44). The correlation between LIF and IL-6 has been confirmed in a baboon model of
sepsis (45). Elevated levels of plasma CNTF and OSM have been observed in 60% and 100% septic
patients, respectively (42).

2.1.5. Chemokines

Interleukin-8 was detected in plasma of baboons following injection of LPS, live E. coli, or IL-1
(46). Indeed, a great amount of IL-8 is detectable within the blood compartment during human sepsis
(47,48) and in broncho-alveolar lavage (BAL) and edema fluids of patients with acute respiratory dis-
tress syndrome (ARDS) associated with sepsis (49). In this study, ARDS patients with high levels of
IL-8 in BAL had a high mortality rate. Similarly, high levels of plasma IL-8 correlate with the occur-
rence of shock (50), with the presence of infectious multiple-organ failure (51), and with poor outcome
(47,48,51). No difference in IL-8 plasma levels were found between Gram-negative and Gram-positive
infection (48), whereas in bacteremic pneumonia, the type of pathogen influenced the measurable lev-
els of IL-8 (52). IL-8 levels also correlate with various markers, including IL-6 (34,48,51), C3a, α1-
antitrypsin, lactate (48), IL-10, IL-1ra, and soluble TNF receptors (sTNFRs) (34). Correlation with
plasma TNF led to controversial results (34,53). More interestingly, local levels of IL-8 often correlate
with the number of recruited neutrophils (49), and plasma levels are associated with granulocyte activa-
tion as evidenced by massive release of elastase detectable in the circulation of bacteremic baboons (54)
and by a correlation between elastase and IL-8 in human sepsis (50).

The presence of other circulating chemokines has been reported in mice following LPS injection.
MIP-1α and MIP-2 were rapidly elevated in serum within 1 h of LPS administration and the magni-
tude of monocyte-chemoattractant protein-1 (MCP-1) production was the greatest and remained sub-
stantially elevated 48 h after LPS (55). Sustained levels of MCP-1 were also reported following a
lethal injection of E. coli in baboons (56). In a murine sepsis model induced by cecal ligature and
puncture (CLP), levels of KC, a murine IL-8 homolog, and MIP-2 correlated with the severity of
sepsis (57). Increased levels of different chemokines have been found in plasma of septic patients or
following LPS injection in human volunteers. This is the case for MCP-1 and MCP-2 (58), MIP-1α and
MIP-1β (59), and IP-10 (60). MCP-1 levels being higher in patients with the more severe forms of
sepsis (i.e., those with shock or a lethal outcome). In contrast, in a preliminary study, we found that
plasma levels of RANTES were inversely correlated with APACHE II score, and lower levels of this
chemokine were found in nonsurviving sepsis patients (Cavaillon and Payen, unpublished observation).

2.1.6. Interleukin-2 and Interleukin-15
Interleukin-2 is a cytokine that reflects T-cell activation. Although rarely reported in human sepsis

(23,32), IL-2 was found in the circulation within 2 h following injection of bacterial superantigens in
mice (61) and baboons (62).

Interleukin-15 shares many functions with IL-2. The specific IL-15 receptor α-chain is associated
with the IL-2 receptor β- and γ-chains. Interleukin-15 is produced by endothelial cells and by mono-
cytes/macrophages in response to exogenous stimuli such as bacteria and LPS and, importantly, is
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expressed on the cell surface as an active molecule (63). Although its presence has been reported in
the plasma of septic patients (64), its role during sepsis remains to be fully characterized .

2.1.7. Interleukin-12
Interleukin-12 is a heterodimeric cytokine constituted of p40 and p35 subunits. IL-12 is a potent

inducer of IFN-γ. The measurement of p70 heterodimer is correlated with IL-12 bioactivity. Bioactive
IL-12 was detected in mouse serum at 2–4 h after LPS injection (65). In baboons, surprisingly, higher
levels of IL-12 were detectable in plasma of animals injected with sublethal doses of E. coli than in
animals challenged with lethal doses (66). In humans, an intravenous bolus injection of E. coli LPS in
volunteers did not lead to changes in the plasma levels of IL-12 (67), and IL-12 could not be mea-
sured in most of septic patients (68). Although levels of IL-12p40 were found higher in patients with
severe melioidosis (infection with Burkholderia pseudomallei) than in healthy controls, IL-12p70,
not detectable in controls, was only found in 10% of the patients (64).

2.1.8. Interleukin-18
Interleukin-18 is structurally related to the IL-1 family and its maturation is under the control of

caspase-1. Produced by activated macrophages and Kupffer cells, IL-18 is a potent inducer of IFN-γ
(69). Plasma IL-18 is found in healthy controls and its level was enhanced in patients with melioido-
sis, was higher in bacteremic patients, and correlated with APACHE II score, and there was a weak
correlation with IFN-γ levels (64). Levels of IL-18 were also enhanced in human sepsis, whereas,
surprisingly, injection of LPS did not modify the levels of circulating IL-18 in human healthy volun-
teers (70). Enhanced levels of IL-18 were also reported in the BAL of septic patients (71).

2.1.9. Interferon-γ
Interferon-γ is an efficient amplifying cytokine produced by superantigen-activated or virus-acti-

vated T-lymphocytes. IFN-γ is also produced in response to IL-12 and/or IL-18 released by mono-
cytes/macrophages activated by microbial products. The study of circulating IFN-γ in human sepsis
led to contradictory results. In sepsis and purpura fulminans, IFN-γ was found in patients with the
most severe disease (18), but no correlation was reported with outcome in other studies on sepsis and
septic shock (20,23). No detectable IFN-γ was reported in meningococcal septic shock (32) and in
human volunteers receiving systemic endotoxin (67), although it was detected in 71% of patients with
melioidosis (64). In a baboon model of septic shock, the IFN-γ level was threefold higher in lethally
challenged animals than in those receiving sublethal doses (66). LPS injection also leads to detectable
circulating IFN-γ in mice. It is noteworthy that in mice rendered tolerant to endotoxin, no further
IFN-γ could be measured in plasma, whereas levels of IL-12 and IL-18 remained elevated (72)

2.1.10. Colony-Stimulating Factors

In human, macrophage-colony-stimulating factor (M-CSF) is present at homeostasis in the circu-
lation and its level is increased in patients with sepsis and to a greater degree in patients with
hemophagocytosis associated with sepsis (73). Granulocyte-CSF (G-CSF) is also increased in sepsis
and reaches higher levels in severe sepsis as compared to sepsis or bacteremia (74). Enhanced levels
of circulating G-CSFs have been particularly associated with infection and sepsis in neonates (75). In
meningococcemia, plasma GM-CSF concentrations were briefly present in subjects with life-threat-
ening septic shock and were strongly associated with fulminant disease (74). GM-CSF was also
markedly elevated in septic preterm infants (76).

2.1.11 Interleukin-1 Receptor Antagonist (IL-1ra)
Interleukin-1 receptor antigen (IL-1ra) is present in plasma at homeostasis. Enhanced levels of

IL-1ra have been regularly reported in critically ill patients, septic adults and newborn patients
(77–79). It may correlate with the APACHE II score (79). As an antagonist, its concentration must be
at least 100-fold higher than that of IL-1 to efficiently block the effects of this cytokine. In a patient
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who died within 8 h after admission with a N. meningitides septicemia, we found a 61,000-fold
higher concentration of plasma IL-1ra than IL-1β (80). This observation suggests that the balance
between proinflammatory and anti-inflammatory cytokines seems adequate to limit the effects of
proinflammatory cytokines.

2.1.12. Soluble IL-1 Receptors
Both IL-1 receptors can be shed by the cells and bind to IL-1β. However, soluble form of IL-1R

(sIL-1R) type I has no discernable anti-inflammatory property following endotoxin administration in
human volunteers (81). This may reflect the fact that sIL-1RI has a similar affinity for IL-1α and IL-1β
than for IL-1ra (82). In contrast, the soluble form of the type II receptor, also known as the decoy
receptor, binds IL-1β with higher affinity than IL-1ra and inhibits IL-1 activity. Plasma levels of sIL-
1RII in patients with sepsis syndrome were in higher concentrations than those of sIL-1RI (83).

2.1.13. Soluble TNF Receptors
The soluble forms of the TNF receptors (sTNFRI and sTNFRII) are natural inhibitors capable of

limiting TNF bioactivity. Injection into animal models of sepsis has also shown to be essentially
protective (84,85). Sepsis is associated with an enhanced plasma level of soluble TNF receptors. In
children with severe meningococcemia, high levels of sTNFRI and II correlate with a poor clinical
outcome (86). In meningococcemia and in sepsis, high levels of sTNFRI and sTNFRII correlate with
TNF-α levels (87,88). Increased levels of sTNFR can be induced by an injection of LPS (87,88) or
following injections of IL-1 (89) or TNF (90). Although the ratio sTNFR/TNF has been proposed to
illustrate the clinical status of patients, this readout is meaningless: Indeed, the measurement of
sTNFR in the circulation reflects most (if not all) of the available molecules, whereas the measure-
ment of plasma TNF only corresponds to the accessible circulating part of the molecules when most
of the active TNF is linked to its receptors on leukocytes and on the endothelium.

2.1.14. Interleukin-10
Significant amounts of IL-10 are detected in the circulation of septic patients (91,92). The highest

plasma levels of this regulatory molecule are detected in the most severe cases (with shock, with poor
prognosis) (93,94). A high ratio of IL-10 to TNF is also associated with poor outcome (94). These
observations further illustrate that sepsis is not associated with a deficient anti-inflammatory response.
In contrast, the exacerbated production of anti-inflammatory cytokines in sepsis cautions against a
widespread use of therapeutical approaches only targeting the proinflammatory mediators. Indeed,
the overproduction of anti-inflammatory cytokines and mediators led to the concept of “compensa-
tory anti-inflammatory response syndrome” (CARS) (95). This is further suggested by the work of
Brantzaeg (96), who showed that plasma IL-10 was, in part, responsible of the monocyte deactivation
noticed in sepsis (see Section 5).

2.1.15. Transforming Growth Factor-β
Measurements of circulating transforming growth factor-β (TGF-β) led to controversial results,

most probably because of technical difficulties (latent and active forms exist, platelets are an impor-
tant source). Karres et al. (97) and Astiz et al. (98) reported reduced TGF-β levels in sera from septic
patients. On the other hand, we found enhanced TGF-β levels in plasma and platelet-poor plasma in
patients with sepsis (99). In a rat model of sepsis, circulating levels of TGF-β were found to be
increased (100), and in a baboon model of sepsis, active TGF-β levels were increased, whereas total
TGF-β were decreased (101).

2.2. Cell-Associated Cytokines
Circulating cytokines represent the tip of the iceberg (102). Once produced, cytokines can been

detected within the producing cells and/or on the cell surface for some cytokines such as IL-1α, TNF,
IL-10, IL-15, or IFN-γ which exist as membrane forms. Once released, cytokines are present within a
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cellular environment and, consequently, can be efficiently trapped by surrounding cells that possess
specific receptors. Accordingly, detection of cell-associated cytokines should not only be interpreted
as an indication of the cellular source of a given cytokine because internalization of receptor-bound
environmental cytokine can also take place. If one considers the human blood compartment, circulat-
ing leukocytes may be considered as useful examples. Indeed, we showed that IL-1α, IL-1β, and,
particularly, TNF could be found associated to human monocytes (22). Interestingly, at the end of the
survey (around d 14), although most survivors did not have any more detectable circulating TNF, a
majority had still detectable cell-associated TNF. The membrane form of TNF may be part of this
observation, as recently suggested by studies on monocytes from patients with fracture and soft tis-
sue hematomas (103) and on alveolar macrophages from patients with ARDS (104). Using flow-
cytometric analysis in intensive care unit (ICU) patients, Yentis et al. (105) confirmed the presence
of IL-1β-positive cells among circulating leukocytes. We also investigated cell-associated IL-8 in
septic patients (106). A tremendous amount of cell-associated IL-8 has been detected in lysates of
mononuclear cells and of neutrophils, whereas levels of IL-8 trapped by red blood cells via their
Duffy antigen were lower. Such measurements may offer more precise informations in terms of fol-
low-up and possible association with infection. This was recently confirmed in human volunteers
receiving iv injection of LPS. Interestingly, although IL-8 was found associated to red blood cells
and leukocytes, GROα and MCP-1 were only found to be associated to red blood cells and MIP-1β
was never recovered from any cell fractions (107). In ARDS patients, the presence of numerous IL-8-
positive alveolar macrophages has confirmed the putative detrimental role of IL-8 in the develop-
ment of that syndrome (108). The presence of cell-associated IL-10 has also been reported in
monocytes of trauma patients (109).

2.3. Sources of Cytokines

2.3.1. Immunohistochemical Analysis

Different approaches have helped to identify the sites of production of cytokines during endotoxic
shock or bacterial sepsis. Immunohistochemical analysis of tissues have revealed the presence of IL-1β
and TNF in the spleen, liver, lung, heart, pituitary gland, and kidney following injection of LPS or
bacteria in mice (110–113). In the CLP model of peritonitis and sepsis, the presence of IL-1β and
TNF in mice liver has been demonstrated by immunohistochemical analysis, whereas IL-1β was not
detected in plasma (114). Mast cells, Paneth cells, and one type of crypt endocrine cell of the intesti-
nal mucosa possess granules, which contain preformed-TNF. It has been shown that after endotoxin
treatment, the two types of intestinal cell had degranulated, whereas the appearance of TNF in the
secretory granules of all eosinophils, neutrophils, and monocytes in the bone marrow, spleen, lung,
and the proximal intestine was noticed (115). Using mast-cell-deficient mice, it was elegantly dem-
onstrated that during CLP-induced peritonitis or following ip injection of Klebsiella pneumoniae,
mast cells were the main source of the protective TNF (116,117). Transgenic mice in which the TNF
coding sequence and introns were replaced by a chloramphenicol acetyltransferase (CAT) reporter
gene were studied following LPS ip injection. CAT activity was observed in the kidney, heart, islet of
Langherans, fallopian tubes, and uterus, and to a lesser extent in the spleen and lung, but absent in
brain, muscle, liver, and small bowel (118). In human sepsis, TNF and IL-1β were found in skin,
muscle fat, arteries and the site of infection, and inflamed and putrescent areas (119).

2.3.2. Cytokine Genes Expression
Investigation of cytokine mRNA is another means of identifying the source of cytokines during

sepsis. Of course, gene transcription can occur without protein translation. In contrast with the results
reported with the CAT reporter gene, other reports noticed the detection of TNF mRNA in the
diaphragm muscle and liver following endotoxin administration, as well as in the spleen and lungs
(120–122). Injection of endotoxin also induces IL-1β mRNA in the brain (123), gene expression of
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IL-1α, IL-1β, and IL-1ra in the lung, liver, spleen and bowel (124), and interleukin-6 mRNA expres-
sion in small intestinal mucosa (125), peritoneal macrophages, liver, spleen, lungs, and kidney (121).
Most interestingly, Baumgarten et al. (126) showed that the heart expression of IL-1β and TNF-α
mRNA in mice injected with LPS was dependent on the myocardial TLR4 expression. This observa-
tion was confirmed by a direct measurement of IL-1β and TNF-α in hearts. The CLP model of peri-
tonitis does not seem to activate the same sources of cytokines as does an injection of LPS. CLP is
associated with the expression of TNF and IL-6 mRNA in the liver and lung (122,127) but not in the
spleen and gut (122,128). After ip injection of LPS, the mouse liver expresses mRNA for numerous
chemokines, including IP10, KC, MIP-2 MIP-1α, MIP-1β, RANTES, MCP-1, and MCP-5 (55).
RANTES mRNA was also detected in lung after LPS ip treatment, whereas minimal quantities of
RANTES mRNA were detected in the blood buffy coat

2.3.3. Blood Leukocytes
Despite the fact that blood leukocytes studied in vitro, either in whole-blood samples or after

isolation, have been shown to be a source of most cytokines after activation, their contribution during
sepsis remains unclear. Nevertheless, one can hypothesize that cytokine-producing cells within the
bloodstream might be difficult to identify because of the rapid and specific adherence of activated
cells to the endothelium and their rapid margination toward inflamed tissues. Accordingly, endotoxin
infusion in sheep is associated with an intrapulmonary sequestration of leukocytes that
immunohistochemically express tumor necrosis factor (129). Indeed, no or minimal mRNA expres-
sion could be detected for either TNF or IL-6 in circulating leukocytes of patients with sepsis (47,121).
In contrast, IL-8 and IL-18 mRNA content were raised in peripheral blood mononuclear cells
(PBMCs) of septic patients (47,71).

2.3.4. Compartmentalization
Differential levels of cytokines in different blood compartments may suggest the involvement of

certain tissues in the local production of circulating cytokines. Accordingly, we showed that following
abdominal aortic surgery, levels of TNF were higher in portal vein than in systemic blood (130), sug-
gesting that the gut, which may suffer of hypoperfusion during sepsis, may be a source of cytokine.
Similarly, Douzinas et al. (131) showed in multiple-organ failure (MOF) patients with hepatic involve-
ment that IL-6 levels were higher in hepatic sinusoidal blood than in peripheral vein blood; in MOF
patients with ARDS, the authors reported higher IL-1β levels in pulmonary capillary blood than in
peripheral vein blood. These results strongly suggest the production of the aforementioned cytokines
within tissue and their subsequent release into the downstream vein. On the other hand, we found a
strong correlation (r = 0.87, p = 0.01) between levels of TGF-β in pleural effusion and in broncho-
alveolar lavages of septic patients, whereas there was no correlation with plasma levels (132). This
suggested that either there was an active exchange of this specific cytokine between pleura and the
alveolar space and not with plasma or that a similar response occurred in both compartments. In an
elegant study, Kurahashi et al. (133) demonstrated in Pseudomonas aeruginosa pneumonia that
instillated, radiolabeled TNF in the lung leaked into the circulation as a consequence of the epithelial
injury caused by the cytotoxic bacteria. The production of cytokines at the site of infection has been
suggested by the measurement of the chemokines IL-8, GRO-α, and ENA-78 in the urine of patients
with usosepsis (134): The concentrations of all three chemokines were strongly elevated in urine; IL-8
levels were also enhanced in patients’ plasma as compared to healthy controls, whereas plasma levels of
GRO-α and ENA-78 were not increased. In contrast, in volunteers challenged with LPS, very high
levels of all three chemokines were found in plasma and very little elevation was observed in urine. In
peritonitis-associated sepsis, peritoneal levels of cytokines has been shown to be elevated as compared
to plasma levels (135). In the CLP model of sepsis in mice, it was reported that relative levels between
both systemic and local compartment were dependent upon the studied cytokines (5). Most interest-
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ingly, the neutralization of TNF by a pretreatment with an adenovirus-mediated TNF receptor fusion
protein did not similarly affect the cytokine expression in plasma and in the heart (136); whereas plasma
levels of IL-1β, IL-6, MCP-1, and IL-12 were reduced after LPS injection in mice, and heart expression
of IL-6, MCP-1, and IL-12 were unaffected. This illustrates that any treatment targeting
proinflammatory cytokines may not equally affect their expression in different compartments.

2.3.5. Tissue Removal
 Removal of organs may also help to identify the source of cytokines. However, the analysis may

be complex, as illustrated by the analysis after splenectomy: Splenectomy in dogs significantly
decreased the levels of plasma IL-6, whereas it did not affect the levels of circulating TNF after LPS
challenge (137,138). However, it was demonstrated that the reduced levels of circulating IL-6 was
not caused by the absence of splenic production but by a decrease in nonsplenic IL-6 production
(138). Partial hepatectomy did reduce the plasma level of TNF (139). In addition, gadolinium chlo-
ride treatment that reduces the number of Kupffer cells was associated with a reduced levels of plasma
IL-1β and IL-6 in CLP performed in rats (140). Finally, unilateral nephrectomy improved the resis-
tance to LPS injection or to CLP (141). All of these studies further confirm that most tissues contrib-
ute to cytokine production during sepsis.

3. DO PROINFLAMMATORY CYTOKINES ALWAYS CONTRIBUTE
TO ADVERSE EFFECTS ASSOCIATED WITH SEPSIS?

3.1. Tumor Necrosis Factor

Tumor necrosis factor toxicity includes hemodynamic instability, fever, diarrhea, metabolic aci-
dosis, capillary leak syndrome, activation of coagulation, late hypoglycemia, induction of a catabolic
state, neurotoxicity, cachexia, and renal and hematological disorders, all phenomena associated with
sepsis syndrome (142). In addition, together with IL-1, TNF induces on the endothelial cell the
expression of adhesion molecules involved in organ infiltration by leukocytes. The lethal effect of
TNF was synergistically enhanced by IL-1 (143), interferon-γ (144), and LPS itself (145). Anti-TNF
treatments have been shown to be highly efficient in protecting animals against endotoxic shock
(146) and lethal bacteremia (147). Such treatments also protected against pulmonary microvascular
injury after intestinal ischemia injury, which is associated with endotoxin translocation (148). Stud-
ies with mice rendered deficient for TNF or its receptors led to controversial results, which reflected
the different experimental models: use of galactosamine; injection of bacteria; cecal ligation and
puncture; injection of high dose of LPS. It is worth noting that in the absence of the hepatotoxic
galactosamine, TNF KO mice die after injection of similar amounts of LPS than normal mice (149).
Finally, as recently suggested by van der Meer’s group in Nijmegen, the bacterial origin of the LPS
itself contribute to the heterogeneity of the results (150).

3.2. Interleukin-1

The cascade of inflammatory events is mainly orchestrated by IL-1 and TNF. Injection of IL-1
into animals results in hypotension, increased cardiac output and heart rate, leukopenia, thrombocy-
topenia, hemorrhage, and pulmonary edema (143). Cyclo-oxygenase inhibitors greatly prevent these
different effects. Interleukin-1 receptor antagonist (IL-1ra), a natural IL-1 inhibitor, reduces mortal-
ity from endotoxic shock (151). IL-1β- converting enzyme (ICE) or caspase-1 is the enzyme required
for the maturation of the 30-kDa biologically inactive IL-1β precursor to the mature 17-kDa active
form of IL-1β. Survival to a lethal dose of endotoxin reaches 70% among ICE-deficient animals
(152), whereas IL-1β-deficient mice are normally sensitive to the lethal effect of LPS (153). These
results most probably reflect that caspase-1 is also involved in the maturation of IL-18.
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3.3. LIF and OSM
 Whereas IL-6 and IL-11 possess certain anti-inflammatory properties (see Subheading 4.1.), two

other members of the gp130 superfamily, LIF and OSM, can be considered as proinflammatory
cytokines. Indeed, LIF is involved in the pathogenesis of inflammation and sepsis syndrome (43).
Induced by LPS and TNF, LIF can induce the release of other cytokines, including IL-1, IL-6, and IL-
8, by various cell types. Passive immunization against LIF in mice challenged with intraperitoneal
administration of endotoxin protected them from lethality and blocked increases in serum levels of
IL-1 and IL-6 (154). Subcutaneous injection of OSM in mice caused an acute inflammation reaction
(155). OSM favors Polymorphonuclear (PMN) adhesion to endothelial cells and transmigration via
its capacity to enhance the expression of P- and E-selectin, Intracellular Adhesion molecule-1 (ICAM-
1), and Vascual Cell Adhesion molecule-1 (VCAM-1). Furthermore, OSM induces the release of IL-
6 and ENA-78 (an a-chemokine) but not that of IL-8.

3.4. Chemokines
Sepsis and Systemic Inflammatory Response Syndrome (SIRS) are often associated with organ

dysfunction, which reflects the inflammatory process occurring in the tissues. One of the major
features of this phenomenon is the recruitment of inflammatory leukocytes. This involves the ad-
herence of circulating cells to the endothelium and their margination toward the tissues in response
to the locally produced chemokines. Chemokines represent a family of more than 40 members.
These chemokines contribute to the inflammatory cell infiltrate that participates in the damaging
of tissue integrity. For example, neutralization of IL-8 profoundly inhibited neutrophil recruitment
in an endotoxin-induced rabbit model of pleurisy, indicating that IL-8 is a major chemotactic fac-
tor in this model of acute inflammation (156). During sepsis, a great amount of IL-8 was detectable
within the blood compartment, not only as a free cytokine (51) but also in cell-associated form
(106). This first encounter of neutrophils with IL-8 lead to their desensitization to further signals
delivered locally by IL-8 or by other chemokines sharing the same receptors. Accordingly, the
presence of IL-8 in the vascular space may well be a mechanism that limits neutrophil accumula-
tion at extracellular sites, as illustrated by the defect in neutrophil migration capacity during sepsis
or endotoxemia (157,158). Similarly, although monocyte-chemoattractant protein-1 (MCP-1) con-
tributes to the recruitment of inflammatory macrophages within the tissues, neutralization of MCP-
1 by specific antibodies before LPS administration resulted in a striking increase in mortality, and
the injection of MCP-1 confirmed that MCP-1 was protective (159). Likewise, murine chemokine
C10, which enhances bacterial phagocytic activity of peritoneal macrophages, was shown to pro-
mote disease resolution and to favor survival in the CLP model of murine sepsis (160). In contrast,
mice rendered deficient for the receptor of MCP-1 (CCR4–/–), which also binds MIP-1α,
RANTES, macrophage-derived chemokine (MDC), and TARC, exhibited significantly decreased
mortality upon administration of LPS (161). These controversial results illustrate, once again, the
influence of the experimental models. Furthermore, one should keep in mind that the recruitment
of leukocytes by chemokines is a prerequisite for addressing the infectious process, as elegantly
shown by the deleterious effect of blocking MDC in the CLP model of peritonitis in mice (162).

3.5. Interleukin-12
The injection of IL-12 in chimpanzees induces an increase in plasma concentrations of IFN-γ as

well as IL-15, IL-18, α- and β-chemokines, and anti-inflammatory mediators (163). Among the
adverse effects of IL-12, hepatomegaly and splenomegaly, leukopenia, anemia, and myelodepression
have been reported (164). These phenomena were largely IFN-γ-dependent because they were not
reported to occur in IFN-γ-receptor-deficient mice. Hepatomegaly is associated with infiltration of
activated macrophages and natural killer (NK) cells and single-cell necrosis. In contrast, pulmonary
edema and interstitial macrophage infiltration generated by IL-12 injection were shown to be IFN-γ
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independent. In a Bacillus Calmette–Guerin (BCG)-primed model of LPS-induced shock and lethal-
ity, anti-IL-12 antibodies were associated with decreased IFN-γ and were shown to protect mice if
injected before endotoxin (165). In contrast, in a CLP model, IL-12 neutralization was deleterious
(166). The later observation is in agreement with other reports that demonstrated the beneficial
effects of IL-12 to address the infectious process (167,168). In this context, it is worth remember-
ing that in contrast to all other cytokines, plasma IL-12 levels were higher in baboons injected with
sublethal doses of E. coli than in animals challenged with lethal doses (66). The association of
enhanced levels of IL-12 and protection has also been observed in signal transducer and activator
of transcription (Stat)6-deficient mice, which display an enhanced survival to the CLP model of
sepsis (169): the bacterial clearance from the peritoneum and survival were increased and, in par-
allel, peritoneal levels of IL-12, TNF, and chemokines MDC and C10 were higher in these mice as
compared to control animals.

3.6. Interleukin-18
Although IL-18 promotes resolution of bacterial infection in mice (170), it accounts for both TNF

and Fas-ligand-mediated hepatotoxic pathways in endotoxin-induced liver injury in this model (171).
Neutralization of IL-18 protects mice against lethal E. coli and S. typhimurium endotoxemia (172),
and IL-18-deficient mice showed decreased sensitivity toward LPS-induced shock (173), although
this might depend on the model because Propionibacterium acnes-primed IL-18–/– mice were highly
susceptible to LPS (174). It is worth noting that in contrast, IL-18–/– mice and normal mice were
similarly responsive to bacterial superantigen (173).

3.7. Interferon-γ
The synergy of IFN-γ with the detrimental activities of LPS has been clearly established: IFN-γ

enhanced LPS-induced circulating TNF as well as LPS- and TNF-induced mortality (144,175) and
anti-IFN-γ antibodies protected against LPS- and E. coli-induced mortality (175,176). As a conse-
quence, a clinically silent viral infection may induce hypersensitivity to Gram-negative bacterial
endotoxin through T-cell activation and subsequent IFN-γ production, leading to a hyperproduction
of TNF (177). Mice lacking IFN-γ receptor have been shown to be resistant to LPS challenge after
priming with BCG (178) or treatment with GalNH2 (179). A mouse model of endotoxinemia re-
vealed that IFN-γ was not involved in pulmonary edema (180), although side effects of IFN-γ include
tachychardia, myalgia, malaise, leukopenia, and weakness.

3.8. Interleukin-16 and Interleukin-17
Interleukin-16 and IL-17 are recently described cytokines with ill-defined physiologic properties.

Both were discovered as a T-cell product. IL-16 can also be produced by eosinophils, mast cells, and
epithelial cells. It is worth mentioning that both can stimulate the production of proinflammatory
cytokines. IL-16 induces the secretion of IL-1β, IL-6, IL-15, and TNF (181), and IL-17 upregulates
the expression of IL-1β, TNF, IL-6, IL-12, and prostaglandin E2 (PGE2) as well as IL-1ra and IL-10
(182). However, their involvement during sepsis has not been addressed so far.

3.9. Colony-Stimulating Factors
In addition to their well-known action on hematopoiesis, CSFs favor the anti-infectious process

and may reduce the natural apoptosis of neutrophils. However, among these cytokines, IL-3, previ-
ously called “multi-CSF,” and granulocyte–macrophage-CSF (GM-CSF) can amplify the production
of IL-1 and TNF and thus behave as proinflammatory cytokines (183). The deleterious effect of GM-
CSF is exemplified by the response of GM-CSF-deficient mice to endotoxin: Following LPS injec-
tion, hypothermia, and loss in body weight, levels of circulating IFNg, IL-1β, and IL-6 were markedly
reduced as compared to normal mice. Furthermore, the survival to one LD100 of LPS was 42% among
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GM-CSF–/– mice (184). In contrast, numerous studies have reported that granulocyte-CSF (G-CSF)
possesses many beneficial properties. It has been demonstrated that G-CSF reduces endotoxemia and
improves survival during E. coli pneumonia (185), reduces bacterial translocation resulting from
burn wound sepsis (186), and enhances the phagocytic function of neutrophils of sepsis animals
(187). Furthermore, in combination with antibiotics, G-CSF can prevent severe infectious complica-
tion in a peritonitis model (188), and in combination with IL-11, it prevents the occurrence of lethal-
ity to a bacterial challenge in neutropenic animals (189).

3.10. Fas Ligand
Fas (CD95) is a member of the TNF receptor superfamily that contains a cytoplasmic death domain.

Binding of FasL to Fas induces apoptosis. Fas ligand (FasL) exists as a membrane form of a soluble
molecule. Sepsis is associated with a delayed apoptosis of neutrophils, but with an increased apoptosis
in hematopoietic tissues such as thymus, Peyer’s patch, spleen, and bone marrow. Using FasL-defi-
cient mice, it was established that the sepsis-associated apoptosis of lymphoid cells was a FasL-
dependent process (190). During the acute phase of human ARDS following sepsis, mRNA for Fas
and FasL were highly upregulated in cells of BALs and enhanced levels of soluble FasL have been
measured in the BAL of these patients, whereas soluble FasL was absent from BAL of healthy con-
trols (191). Because it has been shown that preventing apoptosis may protect mice against CLP-
induced lethality (192), one can suggest that Fas-induced apoptosis could have deleterious effects in
human sepsis.

3.11. Macrophage Migration Inhibitory Factor
Macrophage inhibitory factor (MIF) was first discovered in 1966 as a T-cell product released

during delayed-type hypersensitivity (193) and rediscovered in 1993 as a pituitary-derived cytokine
that potentiates lethal endotoxemia (194) as well as a macrophage product (195) induced by the
action of glucocorticoids (196). MIF is expressed constitutively in many tissues, including lung,
liver, kidney, spleen, adrenal gland, and skin. MIF exists as a preformed cytokine that is rapidly
released following LPS injection (197). Bernhagen et al. (194) reported that injection of MIF to-
gether with one LD40 of LPS greatly potentiated lethality and that anti-MIF antibodies fully protected
against one LD50 of LPS. Accordingly, MIF-deficient mice were more resistant to LPS-induced le-
thality (198). This phenomenon was associated with a reduced level of circulating TNF, an en-
hanced level of nitric oxide (NO) and no effect on IL-6, IL-10, and IL-12 levels. Anti-MIF antibodies
also protected mice from lethal experimental peritonitis, even when treatment was started up to 8 h
after induction of peritonitis (199). MIF is present at homeostasis in the plasma of healthy controls
and its levels are significantly enhanced during sepsis (199) (see Chapter 5).

3.12. High-Mobility Group-1 Protein
High mobility group-1 is a highly conserved nuclear protein that binds cruciform DNA. It exists as

a membrane form and as an extracellular form that interacts with plasminogen and tissue-type plas-
minogen activator. It is produced by macrophages in response to LPS and by the pituitary cell stimu-
lated by IL-1 or TNF (200). HMG-1 was reported to be a late mediator of endotoxin lethality in mice
and found in plasma of septic patients, with significantly higher levels in nonsurvivors than in survi-
vors (200).

3.13. Interleukin-15
In vivo, IL-15 is induced by IL-12 (163). In concert with other monokines (e.g., IL-12), IL-15

stimulates IFN-γ production by NK cells and is involved in the LPS-induced general Shwartzman
reaction (201). However, inhibition by specific antibodies of endogenous IL-15 production during in
vitro LPS activation of murine macrophages further amplify the TNF-α production (202). The role of
IL-15 in human sepsis remains to be fully established.
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4. ANTI-INFLAMMATORY CYTOKINES:
FROM PROTECTION TO IMMUNODEPRESSION

4.1. Interleukin-6 and Interleukin-11
Although IL-6 is often considered as an inflammatory cytokine, most of its activities are probably

associated with a negative control of inflammation as a result of its potent capacity to induce the
production of acute-phase proteins by the liver (Fig. 1). Acute-phase proteins are essentially protec-
tive and limit the inflammatory process via their antiprotease and scavenger activities. It was also
mentioned that IL-6 inhibits the release of IL-1 and TNF (203) and favors that of soluble TNF recep-
tor (204). Accordingly, intraperitoneal injection of LPS in IL-6 knockout mice led to higher levels of
circulating TNF, MIP-2, GM-CSF, and IFN-γ than in control mice and administration of IL-6 abol-
ished these differences (205). Furthermore, numerous experimental models, including systemic or
local endotoxemia, demonstrated the protective activity of IL-6 either by studying the direct effect
of exogenous IL-6 injection (206) or by demonstrating the enhanced sensitivity of IL-6 KO mice to
LPS (205). However, in contrast, IL-6 can induce bone resorption (207), muscle atrophy (208), and
anemia (209) and can prime neutrophils for the production of platelet activating factor (PAF) and
superoxide anion (210,211). Although IL-6 does not activate endothelial cells, it induces MCP-1,
MCP-3, and IL-8 production, STAT-3 activation, and ICAM-1 expression, in the presence of its
soluble receptor gp80, which is naturally found in plasma (212). Deleterious activities of IL-6 in vivo
have been suggested by experimental models of ischemia reperfusion and of lung injury performed in
IL-6 knockout mice, which were shown to exhibit lower inflammatory responses (213,214).

Although IL-11 stimulated the production of several major acute-phase proteins by hepatoma
cells, circulating IL-11 did not significantly participate in the production of acute-phase proteins
by the liver (215). One of the major beneficial effects of IL-11, which has been described, is re-
lated to its healing activity on the intestinal tract. For example, chemotherapy and radiation both
damage the small-intestine mucosal barrier and lead to the entry of gastrointestinal flora into the
blood. In this lethal model, IL-11 was able to protect 80% of the animals (216). Beneficial proper-
ties of IL-11 have also been demonstrated in a rat neonatal infectious model with group B strepto-
cocci. Prophylactic use of IL-11 enhanced the survival in this model in association with an increased
number of platelets (217).

4.2. Interleukin-1 Receptor Antagonist
Interleukin-1 receptor antagonist (IL-1ra) is a natural IL-1 inhibitor. Produced by many cell types,

including monocytes/macrophages, IL-1ra is also produced by the liver as an acute-phase protein
(218). Early treatment with IL-1ra reduced mortality from endotoxic shock (151), improved survival
and hemodynamic performance in E. coli septic shock (219), and, depending on the dosage either
reduced or enhanced lethality in a model of K. pneumoniae infection of newborn rats (220). In agree-
ment with these observations, IL-1ra-deficient mice were more susceptible than controls to lethal
endotoxemia (221).

4.3. Interleukin-10
Interleukin-10 is a well-known cytokine that exerts its anti-inflammatory properties particularly

on monocytes/macrophages, neutrophils, and T-lymphocytes. IL-10 is capable of preventing lethal-
ity in experimental endotoxemia (222), and IL-10-deficient mice were far more sensitive to LPS-
induced lethality than wild-type animals (223). In addition, neutralization of IL-10 in endotoxemia
and during experimental septic peritonitis illustrated that endogenously produced IL-10 was instru-
mental in downregulating the abundant production of proinflammatory cytokines (224,225). In the
CLP model of sepsis, it was reported that IL-10 was a major mediator involved in the impairment of
lung antibacterial response (226), whereas in humans, Donnelly et al. (93) reported that the lowest
levels of IL-10 in the lung fluids were significantly associated with a poor prognosis in patients with
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adult respiratory distress syndrome. In contrast, in patients resuscitated after cardiac arrest, high
levels of systemic IL-10 were associated with poor outcome (226a). Indeed, it appears that, depend-
ing on the experimental models or the clinical status, IL-10 may be beneficial or deleterious. Some
authors have suggested (227) and demonstrated (96) that IL-10 was responsible of the monocyte
deactivation observed in sepsis; however, this has not been confirmed by other studies (228).

4.4. Interleukin-4 and Interleukin-13
In addition to IL-10, IL-4 and IL-13 also possess strong anti-inflammatory activities and a potent

capacity to inhibit the synthesis of the proinflammatory cytokines. Each individual anti-inflamma-
tory cytokine has been demonstrated to be capable of reducing mortality in various endotoxic or
septic shock models. IL-4 prevented mortality from acute but not from chronic murine peritonitis
(229). All mice pretreated with IL-4 survived an ip injection of 107 live E. coli and 109 Bacteroides
fragilis, which kill 90% of untreated animals. Using IL-4-deficient mice, it was established that IL-4
can protect against TNF-mediated cachexia and death during parasitic infection (230). However, the
fact that a pretreatment with IL-4 administration before the induction of sepsis was protective while
an increased mortality was reported when IL-4 was given at the time of infection (231), illustrates the
importance of the timing and reinforces the idea that one should be very cautious when referring to a
too simplistic dichotomy between proinflammatory and anti-inflammatory cytokines (232). IL-13,
which shares many activities with IL-4, fully protected mice from an LD90 ip injection of LPS
(233,234). IL-13 blockade with anti-IL-13 antibodies significantly decreased the survival rate of
mice after experimental peritonitis and enhanced tissue injury that was associated with an increased
expression of many chemokines (235). This latter result suggests that, despite the absence of detect-
able circulating IL-4 or IL-13 in human sepsis (67,236), these cytokines may well be involved in the
control of the exacerbated release of proinflammatory cytokines.

4.5. Transforming Growth Factor-β
Injection of TGF-β in mice before or even together with high doses of LPS was associated with a

reduced mortality (237). In a rat model of endotoxemia, TGF-β markedly reduced inducible NO
synthase mRNA and protein levels in organs, arrested LPS-induced hypotension, and decreased
mortality (238). In murine and rat models of sepsis, circulating levels of TGF-β were found to be
increased and it was demonstrated that TGF-β contributed to the depressed T-cell functions (100,239).

4.6. Interferon-α
Interferon-α also prevented LPS-induced mortality in mice and reduced TNF mRNA expression

in the spleen and liver (240). The most fascinating observation with IFN-α was its capacity to be
effective even when administrated few hours after LPS. This contrasts with many reports in which
the protective cytokine or drug had to be administrated before or simultaneously with LPS. Surpris-
ingly, very few further studies have addressed the role of IFN-α in sepsis.

4.7. Interleukin-9
Interleukin-9 is a T-cell-derived cytokine, originally described as a growth factor for T-cells and

mast cells. Prophylactic injections of IL-9 conferred resistance of mice challenged with a lethal
concentration of Pseudomonas aeruginosa (241). This protective effect correlated with a marked
decrease of serum levels of TNF, IL-12, and IFN-γ, as well as an increase of circulating IL-10 and IL-
10 mRNA expression in the spleen. Interestingly, a shorter and lower expression of IL-9 mRNA was
observed in the spleen of mice after a lethal challenge than in mice after a sublethal bacterial chal-
lenge. To our knowledge, the role of IL-9 has not yet been investigated in human sepsis.
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5. EX VIVO CYTOKINE PRODUCTION IN SEPSIS

5.1. Ex Vivo Cytokine Production by Lymphocytes
Sepsis syndrome is associated with an exacerbated in vivo production of proinflammatory and anti-

inflammatory cytokines as assessed by their increased levels in the blood stream. Paradoxically, a
reduced capacity of circulating leukocytes from septic patients to produce cytokines has been regularly
reported as compared to cells from healthy controls. The very first observation on the hyporeactivity of
circulating cells in septic patients was demonstrated in peripheral blood lymphocytes: Wood et al. (242)
reported a decreased IL-2 production upon phytohemaglutinin (PHA) stimulation. More recently, inter-
feron-γ production was also reported to be affected in sepsis as well as in patients with severe injury
(243). It is often suggested that the depressed response mainly affects the production of the Th1
cytokines (IL-2, IFN-γ), whereas production of Th2 cytokines would be upregulated. In human volun-
teers receiving an injection of LPS, T-cell-derived cytokine productions were assessed in vitro (244):
3–6 h after LPS injection, (anti-CD3 + anti-CD28)-induced IFN-γ production was reduced, whereas IL-
2 and IL-4 production were unchanged; staphylococcal enterotoxin B-induced production of IFN-γ and
IL-2 were reduced and IL-5 production was enhanced. The authors conclude that endotoxemia favors a
shift in the Th1/Th2 balance toward a Th2-type immune response. However, we demonstrated in sepsis
and in SIRS patients that the production of Th2 cytokines (IL-5, IL-10) could also be altered and that the
nature of the triggering agent itself influences the observation (245).

5.2. Ex Vivo Cytokine Production by Neutrophils
Similar hyporeactivity has been reported for the production of IL-1β, IL-1ra, and IL-8 by LPS-

activated neutrophils from septic patients (246–248). We showed that, in contrast to monocytes, PMNs
could not be rendered tolerant to endotoxin in vitro by previous contact with LPS and even released
enhanced levels of IL-8 after reexposure to LPS (247). Most interestingly, van der Poll’s group (249)
demonstrated that in vivo treatment of normal humans with endotoxin led to hyporeactive blood-
derived PMN when further challenged in vitro with either LPS, heat-killed S. pneumoniae or heat-killed
P. aeruginosa: The PMN production of the chemokines IL-8, GRO-α and ENA-78 were reduced.

5.3. Ex Vivo Cytokine Production by Monocytes
Monocyte reactivity to LPS stimulation has been particularly studied in isolated monocytes and in

whole-blood assays. Monocytes from septic patients have a diminished capacity to release TNFα, IL-
1α, IL-1β, IL-6, IL-10, and IL-12 (227,228,243,250,251), whereas this is not the case for IL-1ra
(251) and G-CSF (252). Reduced cytokine production has also been observed with other stimuli such
as silica, staphylococcal enterotoxin B, and killed Streptococcus and Staphylococcus (98,243,
253,254). In human volunteers, intravenous endotoxin suppresses the cytokine response of PBMCs
when activated in vitro by LPS (255). The anergy of leukocytes observed in septic patients has been
associated with endotoxin tolerance (246,256). We have shown that upon LPS activation, PBMC of
systemic inflammatory response syndrome patients show patterns of necrosis factor (NF)-κB expres-
sion that resemble those reported during LPS tolerance [i.e., a global downregulation of NF-κB in
survivors of sepsis and trauma patients, and the presence of large amounts of the inactive homodimer
in the nonsurvivors of sepsis (257)]. In many stressful conditions, including trauma, thermal injury,
hemorrhage, and severe surgery, hyporesponsiveness of circulating leukocytes and low cytokine pro-
duction have been well documented and associated with immune depression observed in these pa-
tients. However, the cellular hyporeactivity is not a global phenomenon and some signaling pathways
are unaltered and allow the cells to normally respond to certain stimuli (258). During sepsis and
SIRS, cells derived from tissues are either fully responsive to ex vivo stimuli or even primed, in
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contrast to cells derived from hematopoietic compartments (blood, spleen), which are hyporeactive.
This dichotomy illustrates the concept of compartmentalization that occurs within the body during
sepsis (259). Indeed, immune depression reported in sepsis and SIRS patients, often revealed by a
diminished capacity of leukocytes to respond to lipopolysaccharide, is not a generalized phenom-
enon. Thus, during systemic inflammation, SIRS and the compensatory anti-inflammatory response
syndrome (CARS) (95) seem to be present concomitantly, SIRS predominating within the inflamed
tissues, whereas in the blood, the leukocytes show hyporeactivity.
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Host Response to Pathogenic Bacteria at Mucosal Sites

Laurence Arbibe and Philippe Sansonetti

1. INTRODUCTION

Epithelial cells at mucosal surfaces constitute the first line of defense against pathogens. Intestinal
epithelial cells (IECs) form a single layer of cells that isolate the host’s internal milieu from gut
luminal environment. IECs from the distal ileum and colon are in constant contact with a rich micro-
bial flora, and yet, under normal conditions, no pathological inflammation is present. However, IECs
possess the ability to discriminate between pathogenic and nonpathogenic bacteria because infection
of these cells by pathogenic bacteria induces an inflammatory response. Because of the repertoire of
proinflammatory molecules they produce when activated by microbial agents or proinflammatory
cytokines, IECs can function as sensors of mucosal injury and actively participate in the innate
immune mucosal response. Therefore, these cells play an essential role in the maintenance of a deli-
cate balance between the defensive immune response and tolerance to local microflora. This chapter
outlines some of the mechanisms by which IEC acts as sensor for microbial pathogens and how the
proinflammatory response mediated by IEC plays a role in the pathogenesis of inflammatory bowel
disease (IBD).

2. IMPORTANCE OF IEC IN THE MUCOSAL IMMUNE RESPONSE

Bacterial products such as lipopolysaccharide (LPS) of Gram-negative organisms and peptidogly-
can (PG) from the cell walls of Gram-positive organisms are found in high concentration in the colon.
To avoid overreaction to normal microbial flora while remaining adequately responsive to patho-
gens, IECs must have developed a bacterial recognition system able to discriminate pathogens from
commensals. Innate immune system recognition in cells of the myeloid lineage involves a family of
protein known as Toll-like receptors (TLRs). Ten TLRs have been cloned and are characterized by a
leucin-rich extracellular domain and a cytoplasmic domain that is similar to the interleukin (IL)-1
receptor (1). Innate recognition of LPS proceeds through TLR4, and PG through TLR2. Downstream
signaling through TLR leads to necrosis factor (NF)-κB activation, a transcriptional factor that is
central to the immune and inflammatory responses, leading to cytokine production. LPS-dependent
TLR4 signaling requires the presence of LPS-binding protein, which acts as an opsonin, and soluble
or membrane-associated CD14, which acts as an opsonin receptor (2). Another critical component of
the TLR4 signaling complex is MD2, a secreted protein that binds to the extracellular domain of
TLR4, where it facilitates LPS-mediated NF-κB activation and is essential for LPS-mediated mito-
gen-activated protein kinase (MAPk) kinase activation (3,4). TLR expression was investigated in
several epithelial cell lines. TLR4 was constitutively expressed at a low level by the human cell lines
HT29, Caco-2, and T84 (5,6), compared to endothelial cells. CD14, the LPS coreceptor necessary to
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mediate LPS signaling through TLR4, was not detected (5). These cells respond to a high concentra-
tion of LPS(10 µg range) and only in the presence of serum, which might provide soluble proteins
like soluble CD14. These serum proteins may be released from the vascular space when the intestinal
epithelial monolayer is disrupted and invaded by pathogens. However, using a purified LPS prepara-
tion, Abreu et al. found that these intestinal cell lines were completely unresponsive to LPS, even
when TLR4 was overexpressed (6). Importantly, the coreceptor molecule MD2 was not constitu-
tively expressed, and its coexpression with TLR4 confers LPS-responsiveness to IEC at a concentra-
tion of LPS as low as the nanogram range. Taken together, these results show that LPS is an effective
inducer of NF-κB in IEC in vitro and suggest that careful regulation of TLR4 and MD2 expression
may be a central point of regulation of the mucosal immune response.

 One in vivo study was performed on 16 patients with inflammatory bowel disease, Crohn’s disease
(CD), and ulcerative colitis (UC) (7). Primary IECs in normal tissue appear to express very little TLR4.
However, TLR4 expression is strongly upregulated throughout the lower gastrointestinal tract regard-
less of whether assessed in active or inactive disease in both CD and UC patients. Because luminal LPS
is usually well tolerated in large quantities within the healthy intestine, this tolerance may result from
TLR4 downregulation minimizing LPS recognition. In IBD, host tolerance toward luminal bacterial
toxins may be broken, thereby reflecting aberrant TLR4 expression. Finally, the fact that activation of
NF-κB in IEC can be triggered by bacterial adhesion without the direct uptake of the micro-organism
into the cell, which suggests that pathogenic organisms are able to stimulate a receptor(s) on the sur-
face of the cells (8). Interestingly, increased apical distribution of TLR4 in CD has been observed (7).
However, it is unknown whether this overexpression confers hyperresponsiveness to luminal LPS or
reflects loss of response. Interestingly, the C3H/HeJ mice and the substrain C3H/HeJBir show a high
susceptibility phenotype for spontaneous colitis (9). Both strains harbor the LPS response mutation
(LPSd), a single-point mutation of TLR4, which renders them resistant to the effect of bacterial endot-
oxin. The disease onset coincides with bacterial colonization of the gut, and these animals have a high
frequency of serum antibodies to antigens of the normal enteric flora. However, the role that endotoxin
resistance and/or TLR4 mutation might play in colitis susceptibility is totally unknown.

 The ability of epithelial cells to discriminate between pathogens and nonpathogens might be based
also on the subcellular localization of the recognition system. The expression of pathogen-detection
molecules may be localized such that they will be engaged if a bacterium is able to gain access to the
basolateral compartment of the epithelium. Interestingly, TLR5 is expressed on the basolateral side
of the intestinal epithelium, where it can sense flagellin, a conserved protein from both Gram-posi-
tive and Gram-negative bacteria (10,11). Flagellin is a potent activator of intestinal epithelial
proinflammatory gene expression via Ca2+-mediated activation of the NF-κB pathway (12). Although
secreted by both pathogenic and commensal bacteria, flagellin must be translocated from the luminal
domain, to the basolateral domain where it activates epithelial chemokine secretion through TLR5.
Such translocation can be mediated by a pathogen such as Salmonella typhimurium but not by com-
mensal Escherichia coli strains, which cannot cross the epithelial barrier. Although the mechanism
of flagellin translocation remains undefined, the ability to translocate flagellin across the mucosa
appears to be an important determinant of virulence in certain bacteria that elicit IL-8 in the absence
of physical break in the mucosa.

The importance of TLR5 in mucosal immunity is also supported by the recent finding that various
mutations in TLR5 have been identified in susceptible MOLF/Ei mice to Salmonella infection (13).
In human intestinal biopsy specimens, TLR5 was found to be expressed on epithelial cells throughout
the normal lower gastrointestinal tract and selectively by the surface epithelium because it was not
present in either crypt epithelium or cell population from the lamina propria or submucosa. No differ-
ence between normal control and IBD patients have been detected (7).

Another means by which epithelial cells can discriminate between pathogens and nonpathogens
may be related to the expression of intracellular pathogen-detection molecules, which are only en-
gaged once the bacterium invade the cells. It was indeed shown that some pathogens like S.
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typhimurium can release LPS once it is located in the intracellular environment of epithelial cells
(14). LPS is liberated from vacuolar compartments where intracellular bacteria reside, to vesicles
present in the host cell cytosol. Because a release of cytokine mediators has been found in epithelial
cells infected by S. typhimurium, it was tempting to speculate that a cytoplasmic pathogen-detection
molecules may exist. To address this question, it was recently shown that microinjection of a bacte-
rial culture supernatant or purified LPS activates NF-κB and JNK in HeLa and Caco-2 epithelial cells
(15,16). A protein called caspase-activating and recruitment domain 4 (CARD4, also known as Nod1),
first shown to activate NF-κB following its overexpression (17), is implicated in this response (16,18).
Nod1 is a cytoplasmic protein with a carboxy-terminal leucin-rich repeat (LRR) domain and an
amino-terminal CARD domain similar to the apoptosis proteins CED-4 and APAF-1. Interestingly,
dominant negative versions of CARD4 block activation of NF-κB and JNK by Shigella flexneri, as
well as microinjected LPS (16). Further studies are required to investigate whether Nod1 binds LPS
directly or through an intrinsic cytosolic factor. Nod1 is expressed in intestinal, lung, and nasal epi-
thelial surfaces in the late mouse embryo (19). The recently identified Nod2 protein is homologous to
Nod1 (34% amino acid identity), contains an additional N-terminal CARD domain, and is mainly
expressed in monocyte (20). Both LPS and peptidoglycan (PGN) preparations from S. aureus stimu-
late NF-κB in cells overexpressing Nod2 (18). Recently, two independent groups have linked human
Nod2 to the development of Crohn’s disease (21,22). Three independent mutations (one frame-shift and
two missense variants) that alter the carboxy-terminal leucin-rich repeat domain or the adjacent region
were found in up to 15% of sufferers. The frame-shift mutation leads to a truncation in the 10 leucin-
rich repeats in Nod2 and, surprisingly, the truncated Nod2 was unable to respond to LPS. One might
predict a resultant constitutive or enhanced responsiveness that would have been proinflammatory.
However, these authors speculate that a deficit in sensing bacteria in monocyte might result in an exag-
gerated inflammatory response by the immune system. A second possibility is that wild-type Nod2
might mediate the production of anti-inflammatory cytokines such as interleukin-10. Although the func-
tional connection between Nod2 mutation and Crohn’s disease remains to be examined, these studies
confirm suspicions of a link between the immune response to bacteria and IBD.

3. THE IEC: A UNIQUE CYTOKINE SIGNAL TRANSDUCTION
AND NF-κB ACTIVATION

Cytokines are well recognized as key mediators in the inflammatory cascade causing IBD. Impor-
tantly, several line of evidence indicate that cytokines and chemokines are central mediators of tissue
damage. For example, in shigellosis, severe disease was observed in patients with an increase in the
number of interleukin (IL)-1β-, IL-6-, tumor necrosis factor (TNF)-α- and interferon (IFN)-γ produc-
ing cells (23). Monocytes expressed IL-1, TNF-α, and IFN-γ whereas epithelial cells accounted for
the production of IL-6 and IL-8. In the rabbit ligated-loop model of shigellosis, intravenous infusion
of receptor antagonist IL1-ra controls the inflammatory symptoms (24), thus emphasizing the role of
IL-1 in the generation of the lesions. Furthermore, the key role played by IL-8 during S. flexneri
infection was recently demonstrated in the rabbit model of shigellosis (25). This proinflammatory
cytokine is a potent chemoattractant for polymorphonuclear cells to the subepithelial area and pre-
treatment of rabbits with antibodies to IL-8 before bacterial challenge dramatically reduced both
fluid accumulation within the infected ileal loop and the level of inflammation in the infected tissue.
Immunohistochemistry analysis indicate that infected IEC are a major cellular source of IL-8. This
result is in line with an in vitro study showing that the colonic epithelial cell line (T84, HT-29, and
Caco-2) stimulated by invasive Gram-negative bacteria produces a large amount of IL-8 and other
proinflammatory cytokines such as monocyte-chemoattractant protein (MCP-1), granulocyte–mac-
rophage colony-stimulating factor (GM-CSF) and TNF-α (26). Therefore, in a situation of intestinal
infection, IECs, which are the first cellular barrier against the pathogen, act as sentinels by orches-
trating early nonspecific immune responses by the secretion of cytokines and chemokines.
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An important transcriptional regulator of cytokine/chemokine gene expression is NF-κB. The
active form of NF-κB consists of heterogenous dimers, where the p50 heterodimer is the predomi-
nant form of active NF-κB. It is stored in an inactive state in the cytoplasm bound to inhibitory
proteins of the IkB family that mask the nuclear localization signal of NF-κB and thus prevent its
nuclear translocation. Following stimulation by a wide variety of agents such as LPS or
proinflammatory cytokines, the inhibitor of NF-κB (IκB) protein becomes phosphorylated by a ki-
nase complex that consists of the two kinases IKK1 and IKK2 and the regulatory subunit (27), which
is then ubiquitinated and targeted for degradation by the proteasome pathway. Free NF-κB translo-
cates to the nucleus and induces transcription of multiple kB-dependent genes.

The intestinal mucosa is composed of a dynamic cell population in perpetual change from a prolif-
erative and undifferentiated stage (crypt base) to mature surface villus epithelial cells. NF-κB expres-
sion and activity change as colonic cells mature: Active p65–p50 complexes predominate in
proliferating cells, whereas the p50–p50 dimer is prevalent in mature cells at the luminal surface
(28). Interestingly, the inhibitor IκBβ is highly expressed in mature surface epithelial cells (29).
Therefore, colonic epithelial cells appear to be designed to have a low NF-κB response at the surface.
Studies of transgenic chimeric mice that disrupt the epithelial-cell-adhesion molecule E-cadherin
along the entire crypt–villus axis, but not in the villus epithelium alone, produced an inflammatory
bowel disease resembling Crohn’s disease (30). Interestingly, the IL-1β signaling pathway leading to
IKK and NF-κB activation is downregulated in differentiated HT-29 cells (31). Taken together, these
studies indicate that a physiological gradient of NF-κB activation may exist along the crypt–surface
axis in response to stimulation and suggest that attenuation of the normal immune response in the
differentiated epithelial compartment may be one of the mechanisms used to prevent immune activa-
tion in the normal state.

The unique tolerance of the gastrointestinal mucosa to proinflammatory stimuli is also maintained
by the ability of the luminal microflora to regulate the epithelial response. Indeed, nonpathogenic
bacteria are able to downregulate IL-8 response induced by pathogenic strain or proinflammatory
cytokines such as TNF-α (32).

The immunosuppressive effect on nonpathogenic Salmonella involved inhibition of IκBα degra-
dation by abrogation of the polyubiquinization step that occurs following phosphorylation. There-
fore, prokaryotic determinants potentially can mediate an immunosuppressive effect that may
participate to the unique tolerance of the gastrointestinal mucosa to proinflammatory stimuli.

Necrosis factor-κB regulated the transcription of a number of proinflammatory molecules involved
in acute response to injury, as mentioned earlier, including IL-1, TNF-α, IL-6, and IL-12. NF-κB
activation and p65 nuclear translocation have been extensively documented in IBD (33,34). Their
critical role in intestinal inflammation is illustrated by the profound inhibition of the inflammatory
response following administration of p65 antisense oligonucleotide or proteasome inhibitor in exper-
imental model of colitis (33,35) and by the efficiency of anticytokine strategy such as anti-TNF-α in
Crohn’s disease (36). However, an inflammatory response is also essential in host defense because it
has been shown in an experimental model of Shigellosis that anti-IL-8 neutralization led to a dra-
matic effect on mucosal invasion by Shigella, which expands into the lamina propria instead of
remaining restricted to the epithelium (25). The key role of IL-8 in polymorphonuclear leukocytes
(PMN) infiltration is essential to control the translocation of bacteria such S. flexneri. Finally, an-
other example of the importance of NF-κB in the regulation of mucosal immunity in response to
pathogenic organisms may also be illustrated by the strong association between the Nod2 mutation
and Crohn’s disease, a lack of NF-κB response leading to unregulated bacterial invasion.

4. CONCLUSION

Because of their unique position as sentinels of host defense, IEC must be able to discriminate
between pathogens and nonpathogens and to initiate an adapted defensive response. Continued
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research in this area will undoubtedly impact on our understanding on intestinal inflammatory pro-
cesses like those seen in IBD. Progress in the understanding of how the immune response generated
by IEC participate in bacterial clearance at the stage of primary infection should help to identify new
therapeutic strategy to combat pathogen-associated diseases.
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Macrophage Migration Inhibitory Factor

as a Cytokine of Innate Immunity

Thierry Calandra

1. INTRODUCTION

The innate immune system is the first line of host defenses against infection and is activated as
soon as a pathogen crosses the host’s natural defense barriers (1–3). Recognition of invasive micro-
bial pathogens is mediated by soluble factors (such as the lipopolysaccharide [LPS]-binding protein
[LBP]) and by pattern recognition receptors (CD14 and Toll-like receptors [TLR]) expressed on
myeloid cells (i.e., granulocytes, monocytes, macrophages, and dendritic cells). LBP, CD14, and
TLR4 play an essential role in the recognition of endotoxin (LPS) of Gram-negative bacteria. CD14,
TLR2, TLR4, and TLR6 are members of the receptor complex implicated in the recognition of pep-
tidoglycan (PGN) and the lipoteichoic acids (LTA) of Gram-positive bacteria. In addition, Gram-
positive exotoxins activate both the innate and acquired components of the immune system, acting as
superantigens to stimulate T-lymphocytes, after crosslinking the major histocompatibility complex
(MHC) class II molecules of antigen-presenting cells to specific chains of the T-cell receptor.

The binding of pathogens or of microbial toxins to pattern recognition receptors on immune cells
activates intracellular signaling pathways, resulting in the release of numerous effector molecules,
including cytokines. Cytokines play an essential role in establishing an inflammatory response. In-
flammation is an integral component of the host response to infection and comprises coordinated
cellular and hormonal reactions to ensure that the microbial infection is localized or eradicated. How-
ever, the inflammation must be tightly controlled, because an excessive inflammatory reaction may
result in septic shock, whereas an insufficient response may result in overwhelming infection.

2. DISCOVERY OF MIF

Nearly 40 years ago, during a study of delayed-type hypersensitivity reactions in guinea pigs, a
soluble nondialyzable factor was identified that inhibited the migration of peritoneal exudate cells
(4,5). Termed macrophage migration inhibitory factor (MIF) to reflect its activity, this factor was
thought to be released by activated lymphocytes and was, therefore, one of the first cytokines to be
identified. Subsequently, MIF was found to stimulate several macrophage functions, such as cell
adhesion, phagocytosis, and killing of intracellular parasites (reviewed in ref. 6). However, the bio-
logical activities of MIF remained undefined until the cloning of a human MIF complementary deox-
yribonucleic acid (cDNA) in 1989 (7). Soon after its cloning, MIF was rediscovered as a protein
released in a hormonelike fashion by anterior pituitary cells stimulated with LPS (8). Cloning of the
mouse and human Mif genes, expression of recombinant proteins, and production of antibodies stimu-
lated further studies to define the biological activities of MIF (7,9–11).
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3. THE MIF GENE

The human Mif gene, a single functional gene located on chromosome 22 (22q11.2), contains
three exons that are separated by small introns (9). The coding sequence of the human Mif gene is
identical to the sequences of Mif cDNA of the human eye lens (12) and the Jurkat human T-cell line
(7,13). By Northern blotting, a single MIF messenger ribonucleic acid (mRNA) has been identified in
all tissues examined, with high baseline levels of mRNA in organs such as kidneys, liver, and brain.
The mouse Mif gene is located on chromosome 10 (10,11), and more than 9 Mif pseudogenes exist in
the mouse genome (11,14). The sequences of the three exons of the mouse and human Mif genes are
highly homologous (70–86%). The only noteworthy homology with MIF is shown by the DNA sequ-
ences coding for D-dopachrome tautomerase, which shares an approx 30% homology with Mif (15),
indicating that MIF does not belong to any of the recognized cytokine superfamilies.

4. STRUCTURE AND BIOCHEMICAL ACTIVITY OF THE MIF PROTEIN

The amino acid sequences of the mouse and human MIF are 90% identical. Similarly, the MIF
proteins of mouse, rat, gerbil, chicken, calf, and man display more than 80% homology. MIF is
identical to the protein known as glycosylation-inhibiting factor (GIF). GIF has been shown to inhibit
the N-glycosylation of IgE-binding factors, resulting in suppression of IgE synthesis, and to be asso-
ciated with antigen-specific suppressor activity (16). Further search for MIF homologs has revealed
the existence of MIF-like molecules in Caenorhabditis elegans and Arabidopsis thaliana and in
filarial parasites (Wuchereria bancrofti, Brugia malayi, and Onchocerca volvulus). MIF also shares
a 33% amino acid sequence homology with D-dopachrome tautomerase (17).

Analysis of the crystal structure of human and rat MIF indicates that MIF is a trimer (18–20). MIF
has a three-dimensional structural similarity, but not sequence homology, with two microbial en-
zymes, 4-oxalocrotonate tautomerase and 5-carboxymethyl-2-hydroxymuconate isomerase (21). MIF
was found to exert tautomerase activity catalyzing the conversion of 2-carboxy-2,3-dihydroindole-
5,6-quinone (dopachrome) into 5,6-dihydroxyindole-2-carboxylic acid (22,23). Moreover, MIF has
been shown to exhibit other enzymatic activities, including the enolization of phenylpyruvate and the
ketonization of p-hydroxyphenylpyruvate, and to act as a thiol-protein oxidoreductase (24). Dele-
tions or replacement of the N-terminal proline of MIF abolish the tautomerase activity (25), but not
its ability to inhibit monocyte migration (26). The physiological relevance of these enzymatic activi-
ties for the biological role of MIF remains unclear at the present time. Interestingly, mapping of the
chromosomal positions of the Mif and dopachrome tautomerase genes has indicated that they are
located close together. Therefore, it is tempting to speculate, because of the sequence homology, that
both genes are duplications of a common ancestral gene that has evolved to exert different biological
functions.

5. CELLULAR EXPRESSION OF MIF

5.1. T-Lymphocytes
For years, it was thought that MIF was secreted only by activated T-cells. However, recent studies

have shown that MIF protein and MIF mRNA are normal constituents not only of T-cells but also of
many other cell types (reviewed in ref. 27). Unlike other cytokines, which are synthesized and
secreted in response to exogenous stimuli, MIF is a preformed protein stored in cytoplasmic gran-
ules. MIF mRNA and MIF protein have been detected in T-cells derived from mouse spleen and from
human peripheral blood. MIF is released from T-cells stimulated by mitogens such as phorbol
myristate acetate and ionomycin or by tetanus toxoid, anti-CD3 antibody, superantigenic exotoxin
toxic shock syndrome toxin-1 (TSST-1), and glucocorticoids (28–30). TSST-1 was a very potent
stimulator of MIF secretion from mouse splenocytes. Indeed, very low concentrations of TSST-1 (10
pg/mL) induced MIF release from splenocytes, whereas 1 ng/mL of TSST-1 was required to stimu-
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late interleukin-2 (IL-2) or interferon-γ (IFN-γ) secretion. Similar to the observation made with mac-
rophages (31), glucocorticoids induce MIF secretion by T-cells in a concentration-dependent manner
(28). MIF production was initially attributed to the Th2 subset of CD4+ T-helper cells (28), but,
subsequently, mouse Th0 and Th1 cells were also found to express MIF (Calandra, unpublished).
MIF stimulates T-cell activation in vivo and in vitro, indicating that MIF exerts autocrine effects on
T-cells.

Anti-MIF antibodies inhibit antigen-driven T-cell activation, proliferation, and antibody produc-
tion (28). Moreover, anti-MIF antibodies inhibit T-cell proliferation and IL-2 production in vitro.
Administration of neutralizing anti-MIF antibody before injection of TSST-1 prevents splenic
enlargement in mice and reduces the ex vivo proliferation of splenocytes by 50% (29). MIF also
modulates the activity of cytotoxic CD8+ T-cells. Blocking MIF activity with anti-MIF monoclonal
antibodies results in an increased expression of IFN-γ and a significant increase in cytotoxic T-cell
responses (30).

5.2. Monocytes and Macrophages
Macrophage migration inhibitory factor has also been found in large amounts in unstimulated

macrophages and monocytes (31,32) and can be released by these cells during inflammatory and
immune reactions. Factors that elicit the release of MIF from macrophages include microbial prod-
ucts, such as endotoxin (LPS), TSST-1, streptococcal pyrogenic exotoxin A (SPEA), and malaria
pigment, but also Gram-negative and Gram-positive bacteria, mycobacteria, as well as the cytokines
tumor necrosis factor-α (TNF-α) and IFN-γ (29,32,33). MIF secretion from macrophages is evoked
by very low concentrations of LPS, TSST-1, or SPEA. On the other hand, stimulation with high
concentrations of these toxins decreases the production of MIF from the activated macrophages,
resulting in a “bell-shaped” dose-response curve.

Surprisingly, glucocorticoid hormones do not inhibit MIF secretion, as they do for other cytokines,
but induce MIF release by macrophages (31). The dose-response curve of dexamethasone- or corti-
sol-induced MIF production by macrophages is also bell shaped, with a peak of MIF release at a
glucocorticoid concentration of 10–12 to 10–14 M. Similar observations have been made with
synoviocytes (34).

5.3. B Lymphocytes, Neutrophils, Eosinophils, and Basophils

An Epstein–Barr-virus-transformed human B-cell line was reported to release MIF in large
amounts (35). MIF protein was also detected in the WEHI 231 B-cell line (36). Several studies have
suggested a role for MIF in antibody production by B-cells (28) and in the control of B-cell cycle
progression and apoptosis (36). MIF is also expressed in neutrophils (20), albeit in much lower
amounts than in other immune cells, such as macrophages or T-cells. Superoxide production by neu-
trophils stimulated with formyl methionyl-leucyl-phenylalanine (fMLP) was augmented after prim-
ing with recombinant MIF (20). By contrast, recombinant MIF exerted inhibitory effects on
chemoattractant-induced neutrophil chemotaxis or luminol- and lucigenin-amplified chemilumines-
cence (Markert and Calandra, unpublished). Neutralization of MIF activity decreases the migration
of neutrophils into the lungs, as well as the pulmonary myeloperoxidase activity of rats injected with
LPS (37). In agreement with these results, neutrophil counts were lower in the broncho-alveolar
lavage of MIF knockout mice than wild-type mice after tracheal instillation of Pseudomonas
aeruginosa (38). However, these results do not confirm a direct effect of MIF on neutrophils, because
the observed effects may have been caused by another mediator. As with other leukocytes (i.e., mono-
cytes, macrophages, and T- and B-lymphocytes), eosinophils are an abundant source of MIF (39),
which is released after stimulation with C5a, IL-5, and phorbol myristate acetate. In addition, consti-
tutive expression of MIF mRNA and MIF protein were identified in the human HMC-1 immature
mast cell line, in primary rat peritoneal mast cells, and in the KU812 basophil cell line (40).
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5.4. Endocrine Cells
In addition to leucocytes, preformed MIF protein is widely expressed in most tissues throughout

the body (32,41). Special mention, because of possible functional importance, will be made of the
role of MIF in the endocrine system. Considerable quantities of MIF have been found in the pituitary
gland (8), in amounts similar to adrenocorticotrophic hormone (ACTH) and prolactin. In pituitary
cells, MIF is found alone in granules or is associated with ACTH or thyroid-stimulating hormone
(TSH) (42). MIF is secreted from the pituitary gland in response to LPS and also following stimula-
tion with corticotrophin-releasing factor, but in doses smaller than those which elicit release of ACTH
(8,42). Decrease in the pituitary content of MIF is associated with increased levels of circulating
MIF. Analysis of tissue distribution of MIF in the rat demonstrates the colocalization of MIF and
glucocorticoid hormones in the adrenal cortex (41).

Macrophage migration inhibitory factor is found in the beta cells of the islets of Langerhans of the
pancreas, where MIF production is regulated in a time- and concentration-dependent fashion by glu-
cose (43). MIF potentiates the glucose-stimulated secretion of insulin, indicating that it participates
in the regulation of insulin secretion. MIF has also been detected in the testis (Leydig cells), ovary
(granulosa cells of follicles), and prostate (epithelial cells).

6. ROLE OF MIF IN SEPSIS

During the past decade, MIF has emerged as a critical messenger of the innate immune system.
The discovery in the early 1990s that MIF was released by the pituitary gland into the bloodstream
suggested the possibility that MIF might play an important role in the regulation of inflammatory
reactions and of host defenses against infection. This concept was rapidly supported by a series of
intriguing observations. MIF was first shown to be constitutively expressed by pivotal cells of the
innate immune system, such as monocytes and macrophages, and to be released from these cells after
exposure to microbial products and proinflammatory cytokines (32). Similarly, MIF is constitutively
expressed in many organs (including the brain, pituitary gland, kidneys, lungs, liver, spleen, adrenal
glands, and skin) (41). Administration of LPS to experimental animals results in the release of pre-
formed MIF from these tissues, followed by the induction of mRNA and reconstitution of the intrac-
ellular pool of MIF protein.

Macrophage migration inhibitory factor has been shown to be an important factor influencing the
outcome of experimental toxic and septic shock. Although large doses of MIF, by themselves, are not
lethal, MIF was found to aggravate lethal endotoxemia when injected together with LPS into mice,
increasing mortality from 35% to 85% (p = 0.003) (8). Moreover, anti-MIF antibodies reduce blood
levels of TNFα (Fig. 1) and fully protect mice against endotoxic shock, reducing mortality from 50 to
0% (p = 0.004) (Fig. 2A). Similarly, mice with deletion of the Mif gene are more resistant than wild-
type mice to endotoxic shock (38). Protection from lethal endotoxemia is associated with reduced
blood levels of TNF-α, but not of IL- and IL-10, and also with delayed increase of IL-12.

Macrophage migration inhibitory factor is also involved in the immune reactions to staphylococ-
cal and streptococcal exotoxins. Macrophage MIF is released after exposure to low concentrations of
TSST-1 or SPEA, and neutralization of MIF bioactivity with anti-MIF antibodies prevents death
from toxic shock syndrome caused by the injection of TSST-1 into mice sensitized with D-galac-
tosamine (29) (Fig. 2B). Similarly, compared with wild-type mice, MIF knockout mice were resistant
to injection of lethal amounts of staphylococcal enterotoxin B (38). These results show that Gram-
negative and Gram-positive endotoxins are powerful inducers of MIF secretion from immune cells
and that MIF is an important mediator of the pathogenesis of these toxic shock syndromes.

Macrophage migration inhibitory factor also contributes to the pathophysiology of experimental
septic shock caused by live bacteria. Bacterial peritonitis elicited by the intraperitoneal injection of
Escherichia coli or by cecal ligation and puncture (CLP) in mice results in increased concentrations
of MIF in peritoneal fluid and in the circulation. Polyclonal and monoclonal anti-MIF antibodies
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Fig. 1. Anti-MIF antibody reduces the serum concentrations of TNF-α in mice with lethal endotoxemia.
BALB/c mice were injected intraperitoneally (ip) with 200 µL of anti-MIF or nonimmune rabbit serum 2 h
before ip injection of a lethal dose of LPS (17.5 mg/kg). Serum was obtained before and 0.5, 1, 1.5, 3, and 4.5
h after LPS. Concentrations of TNF-α were measured using the L929 bioassay.

Fig. 2. Antibody against MIF protects against lethal endotoxemia (A), toxic shock syndrome induced by
TSST-1 (B), and peritonitis induced by cecal ligation and puncture (CLP) (C)  or injection of E. coli (D). (A,B)
BALB/c mice were injected intraperitoneally (ip) with anti-MIF or nonimmune rabbit serum 2 h before ip
injection of a lethal dose of LPS (A) or of TSST-1 and D-galactosamine (B) (29). (C,D) NMRI mice were
injected ip either with anti-MIF monoclonal antibody or control antibody (C), or with anti-MIF or control IgG
(D), given immediately after CLP (C) or 2 h before the ip injection of E. coli (D) (44).
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protect mice from both types of lethal peritonitis (44). Of note, in the CLP model of peritonitis, mice
are protected even when treatment is started 8 h after the onset of bacterial peritonitis (Fig. 2C,D).
The fact that protection is still provided by the delayed administration of anti-MIF therapy is clini-
cally very important, as, under clinical conditions, antisepsis therapy is almost always given some
hours after the onset of infection in septic patients. It has been shown previously that mice whose
innate immune response is compromised by the deletion of the TNF-α gene or of type 1 TNF recep-
tors are highly susceptible to otherwise nonlethal bacterial peritonitis. In agreement with this fact,
TNF-α knockout mice were observed to be very sensitive to CLP. However, administration of a
single dose of anti-MIF monoclonal antibodies immediately after CLP spectacularly increased sur-
vival from 0 to 62%, demonstrating that inhibition of MIF activity was capable of saving these
immunocompromised animals from otherwise uniformly lethal septic shock. In the E. coli peritonitis
model, the protection afforded by polyclonal anti-MIF antibodies was linked to a reduction of plasma
TNF-α concentrations and circulating counts of E. coli.  However, neither TNF-α nor E. coli are
likely to be the primary targets of anti-MIF therapy in this model. Indeed, anti-MIF therapy protects
TNF-α knockout mice from death, indicating that blocking MIF also prevents death in the absence of
TNF-α evidence was found to support a direct causal relationship between neutralization of MIF
activity and reduction of circulating bacteria (44). Therefore, it is very likely that improved bacterial
clearance is an early indicator of improved outcome after anti-MIF therapy.

The findings of a recent study indicate that the activation of the arachidonic acid–prostaglandins–
leukotrienes pathway may account for some of the MIF-mediated effects during septic shock (45).
Studies conducted with antisense MIF macrophages and macrophages from MIF knockout mice have
revealed an important role for MIF in the host responses to LPS and Gram-negative bacteria (Roger
et al., unpublished). As observed in the endotoxemic mouse model, excessive MIF is also associated
with poor outcome in bacterial septic shock. Mortality was 62% (15 of 24) in mice coinjected with
recombinant MIF and E. coli, whereas it was only 21% (5 of 24) in mice exposed to E. coli alone
(p = 0.008), supporting the conclusion that high tissue or systemic concentrations of MIF are damaging.

Elevated concentrations of MIF have been detected in the circulation of patients with severe sepsis
or septic shock caused by Gram-negative or by Gram-positive bacteria. In agreement with the con-
cept that high levels of MIF might be harmful in the context of an acute infection, plasma concentra-
tions of MIF were higher in patients with septic shock (median: 17.8 ng/mL; range: 6.6–154.4 ng/
mL) than in patients with severe sepsis (median: 12.2 ng/mL; range: 6.2–141.8 ng/mL) or healthy
individuals (median: 3 ng/mL; range: 1.9–5.4 ng/mL) (p = 0.001) (44). Similarly, on admission to an
ICU, serum MIF levels were higher in patients with septic shock (mean ± SD: 14.3 ± 4.5 ng/mL) than
in trauma patients (mean ± SD: 3.1 ± 1.7 ng/mL) or control patients (mean ± SD: 2.5 ± 2.1 ng/mL)
(p < 0.01) (46). In the subset of patients with septic shock, levels of MIF were higher in non-survivors
than in survivors (mean ± SD: 18.4 ± 4.8 ng/mL vs 10.2 ± 4.2 ng/mL; p = 0.001) and higher in
patients with, than in those without, the adult respiratory distress syndrome (ARDS) (mean ± SD:
19.4 ± 4.7 ng/mL vs 9.2 ± 4.2 ng/mL; p = 0.115). In a multiple logistic regression analysis, MIF
levels were a better predictor of outcome than the presence of ARDS. In septic patients, concentra-
tions of MIF were correlated with that of cortisol and IL-6.

7. MIF AND OTHER INFLAMMATORY DISEASES

In addition to sepsis, MIF has been shown to play an important role in the pathophysiology of
several inflammatory diseases, including ARDS, arthritis, atopic dermatitis, glomerulonephritis, and
allograft rejection. Increased concentrations of MIF have been detected in the broncho-alveolar lav-
age of patients with ARDS (47). Stimulation of alveolar cells of ARDS patients ex vivo with recom-
binant MIF resulted in increased production of IL-8 and TNF-α, whereas treatment of these cells
with anti-MIF antibodies reduced the release of these proinflammatory cytokines. In patients with
rheumatoid arthritis (RA), synovial expression of MIF mRNA and protein are upregulated. Macroph-
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ages, T-cells, and fibroblastlike synoviocytes were reported to be the main sources of MIF in the
synovium (34,48). Levels of MIF in synovial fluid were found to be higher in patients with RA than
in patients with osteoarthritis (49). Interestingly, MIF production by synoviocytes was not increased
by stimulation with IL-β, TNF-α, or IFN-γ possibly because synoviocyte MIF production was already
maximal in these patients (34). Circulating levels of MIF and expression of MIF in keratinocytes also
were raised in patients with atopic dermatitis (50). Anti-MIF therapy in animal models of glomerulo-
nephritis and allograft rejection decreased inflammatory responses and improved pathological mani-
festations of these conditions.

8. MIF AND GLUCOCORTICOIDS AS PHYSIOLOGICAL MODULATORS
OF INFLAMMATION

The secretion of ACTH and MIF by pituitary cells and the colocalization of MIF and glucocorti-
coid hormones in the adrenal cortex have called attention to the close relationship between the
hypothalamo–pituitary–adrenal axis and MIF in the response to inflammation and infection. Circu-
lating concentrations of MIF and glucocorticoids increase during inflammation, infection, or stress
(31,44) and have been shown to be correlated in patients with septic shock (46). However, unlike the
classical inhibitory effects of glucocorticoids on the production of cytokines, MIF secretion is stimu-
lated by physiological amounts of glucocorticoids (28,31). This observation was at first difficult to
reconcile with the proinflammatory activities of MIF. However, it has since been shown that secreted
MIF antagonizes the anti-inflammatory effects of the glucocorticoids, so that MIF exerts
proinflammatory effects on cytokine release and cellular function by reversing the glucocorticoid-
induced inhibition of TNF-α, IL-1, IL-6, and IL-8 synthesis of peripheral blood mononuclear cells
(31). Indeed, although glucocorticoids can protect against the lethal effects of endotoxemia, by inhib-
iting the production of cytokines, administration of recombinant MIF to glucocorticoid-treated mice
with endotoxemia reversed the protective effects of the glucocorticoids (31). MIF also prevented
dexamethasone-induced suppression of T-cell proliferation and cytokine production (IL-2 and IFN-
γ) evoked by anti-CD3 antibodies (28). Furthermore, although glucocorticoids inhibit cytosolic phos-
pholipase A2 activity and arachidonic acid release from fibroblasts, MIF is capable of reversing these
inhibitory effects (45). In the macrophage, MIF has also be shown to reverse the transcriptional and
posttranscriptional glucocorticoid-mediated suppression of proinflammatory gene expression (Roger
et al., unpublished). Thus, MIF acts as a physiological antagonist of glucocorticoid activity, and MIF
and glucocorticoids operate in concert to maintain some degree of proinflammatory and anti-inflam-
matory balance. The precise functional role of the interaction between MIF and glucocorticoids
remains to be defined.

9. CONCLUSIONS

Macrophage migration inhibitory factor has emerged recently as an essential effector molecule of
the innate immune system. The MIF protein is constitutively expressed in considerable amounts in
the cells of many tissues of the body, including immune cells (monocytes, macrophages, and T- and
B-lymphocytes), endocrine cells (pituitary and adrenal glands), and epithelial cells. During the course
of inflammatory and infectious diseases, exposure of these cells to microbial products and
proinflammatory cytokines induces the release of preformed MIF as well as de novo protein synthe-
sis. When secreted into tissues or into the systemic circulation, MIF plays an important role in pro-
moting inflammatory reactions and innate and adaptive immune responses and acts as a physiological
antagonist of the anti-inflammatory and immunosuppressive effects of glucocorticoids. High blood
levels of MIF are found in patients with inflammatory and infectious diseases, including severe sep-
sis and septic shock. Immunoneutralization of MIF or deletion of the Mif gene protects mice against
lethal endotoxemia, Gram-positive toxic shock syndromes, and experimental bacterial peritonitis.
Conversely, administration of recombinant MIF increases the lethality of endotoxemia and bacterial
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sepsis. It seems, therefore, that MIF has the potential to endanger life when expressed in excess
during sepsis. Development of strategies that interfere with MIF production and function may have a
role in the treatment of severe sepsis and inflammatory diseases.
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Cytokine Patterns in Severe Invasive

Group A Streptococcal Infections

Anna Norrby-Teglund and Malak Kotb

1. INTRODUCTION

Group A streptococcus (GAS), Streptococcus pyogenes, is an important human pathogen that can
cause a variety of diseases, ranging from superficial infections of the skin and mucous membranes to
severe invasive infections. During the last two decades, a marked increase in the frequency of highly
aggressive invasive GAS infections associated with high morbidity and mortality rates, including
streptococcal toxic shock syndrome and necrotizing fasciitis, was noted world-wide. This resurgence
prompted intense research in the field of GAS pathogenesis and revealed a complex host–pathogen
interplay involving several different virulence factors and host defense systems. In this chapter, we
focus on the immunopathogenesis of severe invasive GAS infections, with particular emphasis on
GAS virulence factors triggering cytokine responses, and we highlight the importance of specific
cytokine patterns in determining the severity of invasive disease.

2. PATHOGENESIS OF SEVERE INVASIVE
GROUP A STREPTOCOCCAL INFECTIONS

Group A streptococcus expresses numerous factors, both cell associated and secreted, that interact
with immune cells and other factors of the host to enhance the virulence of the bacteria. There are
several cell surface molecules, such as hyaluronic acid capsule, M- and M-like proteins, C5a-pepti-
dase, α2-macroglobulin-binding protein, that are important for bacterial adherence and colonization,
as well as for immune escape mechanisms (1–3). These proteins interact with a variety of human
plasma proteins, including, among others, immunoglobulins, fibronectin, fibrinogen, albumin, plas-
minogen, kininogen, complement factor C5a, and inhibitors of the complement system, thereby pro-
moting the attachment of the bacteria to host cells and the invasion into tissues, as well as evasion of
immune attack and phagocytosis (2,3). The antiphagocytic M-protein is of special importance because
type-specific antibodies against the M-protein confer protection against infection, and patients with
invasive GAS disease generally have low levels of opsonic antibodies to the specific M-protein
expressed by the infecting strain (4,5). In addition to these factors, GAS produces proteases that can
modify host proteins and receptors expressed on host cells, thereby exerting tissue damage and
inflammation. Interestingly, the same proteases can also act on bacterial virulence proteins to modu-
late their function and potentiate their biological activity.

Despite the involvement of many GAS virulence factors in pathogenesis, studies in patients with
invasive infections have shown that the systemic effects seen in patients with streptococcal toxic
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shock syndrome and necrotizing fasciitis are largely triggered by inflammatory mediators induced in
response to the bacterial virulence factors, particularly the streptococcal pyrogenic exotoxins, which
belong to the superantigen family of toxins and that are, by far, the most potent inducers of inflamma-
tory responses in GAS infections.

3. PROINFLAMMATORY CELL WALL CONSTITUENTS

The role of bacterial cell wall components in Gram-negative bacteremia and sepsis has been stud-
ied in detail, and it is well established that the outer-membrane lipopolysaccharide (LPS) is the prin-
cipal stimulus of inflammatory responses. Similarly, the Gram-positive cell wall is composed of
several molecules—in particular peptidoglycan and lipoteichoic acid (LTA)—that exhibit
proinflammatory activity (reviewed in ref. 6). Peptidoglycan is an essential bacterial cell wall com-
ponent and is the major constituent of the Gram-positive cell wall. A study of Streptococcus
pneumoniae peptidoglycan showed that the proinflammatory activity was attributed to highly active
crosslinked stem peptides, with tripeptides demonstrating a >100-fold higher proinflammatory activ-
ity than intact peptidoglycan (7).

Lipoteichoic acids are sugar phosphate polymers that extend through the cell wall onto the surface
of the Gram-positive cell. Both peptidoglycan and LTA have been shown to activate leukocytes and
trigger production of proinflammatory cytokines, including interleukin (IL)-1β, IL-6, IL-8, IL-12,
tumor necrosis factor (TNF)-α, and chemokines, as well as other inflammatory mediators, such as
inducible nitric oxide synthetase (8–20). Most of these studies have focused on monocyte responses,
but it was recently shown that circulating human T-cells also contribute to cytokine production in
response to the Staphylococcus aureus cell wall (18).

Like the Gram-negative bacterial LPS, the Gram-positive bacterial LTA and peptidoglycan display
pathogen-associated molecular patterns, which activate the innate immunity by interacting with cog-
nate pattern recognition receptors, such as CD14 and Toll-like receptors (TLR) 2 and 4 (21) (Fig. 1).
Engagement of the TLRs with microbial products triggers several intracellular signal transduction path-
ways, resulting in the activation of the transcription factor nuclear factor (NF)-κβ, and the subsequent
induction of the expression of proinflammatory cytokines genes (21) (Fig. 1). The secreted small mol-
ecule MD2 functions as a helper molecule for both TLR2 and TLR4 in these responses (22–24).

The ability of purified peptidoglycan and LTA to trigger pathologic inflammatory conditions has
been demonstrated in various animal models including experimental meningitis and septic shock
(25–29). In a rat model of septic shock, it was shown that although administration of LTA resulted in
moderate hypotension, it did not trigger multiorgan failure and death (26,27). However, when LTA
was administered together with peptidoglycan, a synergistic effect was achieved and the anesthetized
rats experienced shock and multiorgan failure (26–28).

4. SECRETED PROINFLAMMATORY VIRULENCE FACTORS

4.1. Superantigens
The most potent virulence factors of GAS are the superantigens, which are proteins that elicit

excessive inflammatory responses in the host. They do so by circumventing the normal rules for
antigen processing and presentation. Superantigens interact with the relatively invariable Vβ regions
of the αβ heterodimeric T-cell receptor that are located outside the antigen-binding groove, and they
also bind directly to major histocompatibility complex (MHC) class II molecules on antigen-present-
ing cells without prior cellular processing and outside of the conventional antigen-binding cleft (30).
Each superantigen has a characteristic Vβ specificity, and activates preferentially T cells expressing
certain Vβ elements. In humans, there are roughly 25 major Vβ families and most superantigens
interact with 3–6 Vβ families, which may lead to the activation of 5–20% of the naive resting T-cell
population. The fraction of stimulated T-cells may depend on the number of Vβ families engaged by
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the secreted superantigens during an infection as well as on the relative expression of these cognate
Vβ elements in the patient’s repertoire. Furthermore, the interaction between superantigens and MHC
class II molecules may differ depending on both the superantigen and the MHC class II allotype. The
preferential binding of specific superantigens to certain class II alleles can influence the level of
inflammatory response (reviewed in ref. 31). Interestingly, although there is significant difference in
the primary sequence of the superantigens, most share a common three-dimensional structure, which
includes a folding of the superantigen into different domains, one amino-terminal hydrophobic
β-barrel domain and a carboxy-terminal β-grasp domain (reviewed in 32). It is believed that this
structural fold plays an important role in allowing superantigens to exert their biological effects, but
evidence is accumulating that this effect is modulated by host factors.

4.1.1. Cytokine-Induction Profile of Superantigens
The simultaneous binding of a superantigen to T-cells and antigen presenting cells results in po-

tent activation of these cells and subsequent massive cytokine production (Fig 2). The superantigen-
induction profile exhibits a wide array of cytokines and includes IL-1α, IL-1β, IL-1 receptor
antagonist (IL-1ra), IL-6, IL-8, IL-12, macrophage migration inhibitory factor (MIF), TNF-α, IL-2,

Fig. 1. Cell wall components activate macrophages through Toll-like receptors (TLRs). Gram-positive pep-
tidoglycan (PepG, PGN) and lipoteichoic acid (LTA) interact with CD14 and activate TLR. MD2 enhances the
responsiveness of TLR to microbial products. Upon TLR engagement, the adaptor protein MyD88 is recruited
and associates with interleukin-1 receptor accessory protein kinase (IRAK), which results in phosphorylation of
IRAK. Phosphorylated IRAK interacts with tumor necrosis-factor-receptor-associated factor 6 (TRAF6) adapter
protein, leading to activation of MAP protein kinases that phosphorylate IκB leading to the release of NF-κB,
which then translocates to the nucleus and activates genes involved in inflammatory and immune responses.
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TNF-β, and interferon (IFN)-γ (33–45). A much lower production of the Th2 cytokines IL-4, IL-5,
and IL-10 is seen following stimulation with purified GAS superantigens (35,43). A typical
superantigen-induced cytokine production profile in human peripheral blood mononuclear cells is
characterized by the rapid induction of IL-1α, IL-1β, and I-L8 production, which generally peaks
between 24 and 48 h (Fig. 3). IL-1ra is also induced early, and its production persists over a pro-
longed period and usually reaches peak levels after 72 h of stimulation. Lower levels and a more
gradual release without a distinct peak of production are seen for IL-2-, IL-6- and TNF-α-producing
cells. However, the most pronounced and distinctive superantigen-induced production is seen for the
Th1 cytokines TNF-β and IFN-γ, which can be detected in up to 20% of peripheral blood mono-
nuclear cells following 72–96 h of superantigen stimulation in vitro (35,43) (Fig. 3). This potent
cytokine response requires the participation of both T-cells and antigen-presenting cells and is per-
petuated by the cytokines from these cells (Fig. 3). Superantigen-induced monokine production is

Fig. 2. Interactions between group A streptococcal virulence factors and host cells resulting in severe inva-
sive infection. Lipoteichoic acid (LTA), peptidoglycan (PepG, PGN), and CpG DNA activate antigen-present-
ing cells through Toll-like receptors (TLRs). Activation results in the production of various cytokines, among
others IL-12 which promoted interferon (IFN)-γ production by T-cells. Superantigens (SAg) interact with MHC
class II molecules (MHC II) and the T-cell receptor (TcR) to activate both cell types, resulting in a high produc-
tion of cytokines. The cysteine protease, streptococcal pyrogenic exotoxin (SpeB), also promotes a
proinflammatory response. Streptolysin O and S (SLO, SLS) are cytotoxic and proinflammatory.
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dependent on the presence of T-cell-derived cytokines (46,47). Production of IFN-γ is promoted by
IL-12 (48), and TNF-β production is dependent on IFN-γ (47,48). Furthermore, the temporal produc-
tion of cytokines has been shown to affect the overall cytokine cascade, and elevated IFN-γ causes a
prolonged production of IL-1, IL-6, and TNF-α (47).

A high degree of interindividual variation in mitogenic and cytokine responses induced by
superantigens has been reported in several studies (35,43,49). Some individuals responded consistently
high to superantigens with the production of high levels of IL-1, TNF-β, and IFN-γ, and low levels of
IL-4, whereas the reverse was true for a “low responder” (49). This interindividual variation between
the high and low responders seems to be attributed to host immunogenetic factors and significantly
affects disease severity. This point is discussed further in Section 6.2 and is illustrated in ref. 50.

4.1.2. Group A Streptococcal Superantigens

There are, to date, 11 distinct exotoxins produced by GAS, including the streptococcal pyrogenic
exotoxins (Spe) A, B, C, F, G, H, J, streptococcal mitogenic exotoxin (Sme) Z, SmeZ-2, SmeZ-3, and
streptococcal superantigen (SSA) (see Table 1; reviewed in ref. 61). The distribution of these
superantigens among streptococcal strains varies significantly because some superantigens are chro-
mosomally encoded and found in virtually all GAS strains, whereas others are associated with mobile
genetic elements, such as bacteriophages or insertion sequences (62) (see Table 1). Several studies
have attempted to identify the causative superantigen in the recent GAS outbreaks; however, the
varying results of these studies indicate that the disease is not caused by any particular superantigen,
but that rather several of the GAS superantigens have the potential of causing severe systemic in-
flammation and most likely these superantigens synergize with each other as well as with other strep-
tococcal virulence factors in inducing severe disease (65) (see Table 2).

4.1.3. Superantigens and Disease

A critical role for superantigens has been shown in numerous experimental models of toxic shock
syndrome using either superantigens from Staphylococcus aureus or from GAS (reviewed in refs. 31
and 66). These studies showed the importance of the synergistic activity of superantigen-induced
cytokines in the development of toxic shock, by demonstrating that protection against superantigen-
induced toxic shock could be achieved by cyclosporine A, anticytokine antibodies, or the use of physi-
cally or functionally T-cell-deficient mice, including SCID and CD28-deficient mice (33,45,67–69).

Fig. 3. Characteristic cytokine-induction profile of streptococcal superantigens. The figure shows cytokine
production assessed after stimulation with the streptococcal pyrogenic exotoxin A by intracellular
immunostaining technique. (Based on data from ref. 43.)
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Table 1
Group A Streptococcal Superantigens

Superantigen Distribution of genesa Human Vβ-specificity Ref.

SpeA Variable 2, 12, 14, 15 51
SpeB Universal 8 51
SpeC Variable 1, 2, 5.1, 10 51
SpeFb Universal 2, 4, 8, 15, 19 52,53
SpeG Universal 2, 4, 6, 12 54
SpeH Variable 2, 7, 9 54
Spe J ND 2, 3, 12, 14, 17 55
SmeZ/Z2/Z3c Universal 2, 4, 7, 8 / 14, 8 / 8d 54,56–58
SSA Variable 1, 3, 5.2, 15 59,60

Note: Spe, streptococcal pyrogenic exotoxin; Sme, streptococcal mitogenic exotoxin; ND, not determined.
aDistribution of superantigen genes differ depending on whether or not they are genetically linked to mobile

elements.
bPreviously referred to as mitogenic factor (MF).
cThree distinct alleles of SmeZ have been identified with distinct Vβ usage.
dDetermined by use of Vβ8-transfected cell lines.

Another property of most pyrogenic superantigens is their augmentation of endotoxin-induced
cytokine responses and their ability to enhance host-sensitivity to endotoxin-shock (reviewed in ref.
61). It was recently shown that this enhancement was dependent on T-cells and most likely mediated
by IFN-γ (70,71). It is likely that this synergistic action of the Gram-positive superantigens and the
Gram-negative endotoxins affects the pathogenesis and clinical outcome of infection, particularly in
cases of polymicrobial sepsis.

Direct evidence of in vivo involvement of superantigens in fulminant GAS diseases was provided
by studies of T-cell-receptor Vβ repertoires in patients with streptococcal toxic shock syndrome
(72,73). Watanabe-Ohnishi demonstrated that acute-phase blood from these patients showed a selec-
tive depletion of T-cells expressing certain Vβ elements that corresponded to the specificity of par-
ticular superantigens (73). Furthermore, superantigens have been identified in the plasma of patients
with streptococcal toxic shock syndrome (74), as well as at the local site of infection in patients with
deep tissue infections (75). A critical role of superantigens in fulminant GAS infections was also
demonstrated by the finding that patients with severe invasive GAS infections had significantly lower
levels of protective antibodies against certain superantigens than did patients with uncomplicated
tonsillitis or healthy individuals (4,76). Administration of neutralizing antisuperantigen antibodies to
patients by administration of intravenous polyspecific immunoglobulin G (IVIG) has been shown to

Table 2
Synergistic Effects of Group A Streptococcal Virulence Factors

GAS virulence factor Synergistic factora Consequence Ref.

LTA PepG Shock 26,28
Superantigens LPS Shock 61
SpeA SLO Increased IL-1, TNF-α 39
CpG DNA LPS Increased TNF-α 63
Cystein protease (SpeB) SLO Lung injury 64
Cystein protease (SpeB) GAS cell wall Lung injury 64

Note: GAS, group A streptococcal; LTA, lipoteichoic acid; PepG (PGN), peptidoglycan; LPS, lipopolysaccharide;
Spe, streptococcal pyrogenic exotoxin; SLO, streptolysin O.

aInclude virulence factors of both group A streptococci and Gram-negative bacteria.
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reduce mortality in patients with streptococcal toxic shock syndrome (77). Interestingly, comparison
of humoral immunity in patients with varying severity of invasive GAS disease revealed that they all
had equally low levels of protective antisuperantigen antibodies regardless of severity of invasive
disease (4,76). Thus, low levels of antisuperantigen antibodies renders the individuals susceptible to
invasive disease, but it does not determine the severity of disease progression. As is seen in Section
6.2, severity is determined by the individual’s propensity to mount high or low levels of cytokine
responses to GAS superantigens.

4.2. Unmethylated CpG DNA
Specific motifs of prokaryotic DNA (i.e., unmethylated oligonucleotides containing cytidine–phos-

phate–guanosine [CpG]), have been reported to be immunostimulatory (78,79). Unmethylated CpG
DNA is abundant in prokaryotes, and when flanked by certain sequences these CpG motifs have been
shown to activate macrophages, dendritic cells, and B-cells in a T-cell-independent manner, thereby
triggering the production of IL-1, IL-6, TNF-α, IL-12, IL-10, and Th1-type cytokines (reviewed in ref.
80). Activation of cellular responses by CpG DNA was recently shown to be mediated by Toll-like
receptor 9 (81) (see Fig. 2). Although streptococcal DNA generally have a low GC-content, certain
important virulence genes, such as the gene encoding the M1 protein, has been shown to have rela-
tively high frequencies of immunostimulatory CpG motifs with a preferential specificity for human cells
(82). An enhanced proinflammatory response was achieved by the synergistic activity of CpG DNA
and LPS, a property that may also be clinically relevant in cases of polymicrobial sepsis (63).

4.3. Streptococcal Cysteine Proteinase
Aside from its superantigenic activity, SpeB exhibits protease activity and is also referred to as

streptococcal cysteine protease. By virtue of its proteolytic activity, SpeB modulates several host
defense systems, including the cytokine network system, kallikrein–kinin, coagulation, and comple-
ment system, and has, therefore, been suggested to cause tissue destruction and hypotension and
contribute to the systemic effects seen in fulminant GAS infections (83) (Fig. 2). Numerous physi-
ologically important host proteins, including IL-1β precursor (84), metalloproteases (85), the extra-
cellular matrix proteins vitronectin and fibronectin (86), immunoglobulins (84), and kininogens (87),
are substrates for SpeB. Cleavage of human IL-1β precursor and activation of metalloproteases that
cleaves the precursor form of TNF-α, results in the generation of bioactive IL-1β and TNF-α (84,85).
The proinflammatory response can be further augmented by the ability of SpeB to cleave kininogen,
resulting in the release of the proinflammatory kinins, which increase vascular permeability, hy-
potension, and inflammation (87). This effect can be further exacerbated by other streptococcal prod-
ucts, including the M-protein (89) and peptidoglycan (90), which have been shown to also interact
and activate the kallikrein–kinin system. A clinical relevance of these interactions was demonstrated
in a recent study, which reported that the kallikrein–kinin system is activated during the acute phase
of streptococcal toxic shock (91).

Analyses of humoral immunity in patients with GAS infections supported an important role for
SpeB in the pathogenesis of GAS infections, inasmuch as patients with invasive disease had signifi-
cantly lower anti-SpeB antibodies during the acute phase of infections compared to patients with
uncomplicated GAS infections or to healthy individuals (4,76). Furthermore, experimental in vivo
studies revealed reduced morbidity and mortality of invasive GAS infections by immunization against
SpeB (92), or by the administration of a protease-inhibiting synthetic peptide (93). An excessive
proinflammatory cytokine response and pronounced lung injury was induced in rats by the synergis-
tic actions of SpeB and other streptococcal virulence factors, including streptolysin O and cell wall
fragments (64), (see Table 2). However, although several experimental models suggest an important
role of SpeB in the dissemination of the bacteria and in destructive tissue inflammation, there have
been other reports suggesting the opposite. For example, an association between SpeB expression
and decreased virulence has been observed by several groups (94–96). One potential explanation for
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this could be that several important cell-associated virulence factors of GAS, including  M-protein,
protein H, and C5a peptidase, can be cleaved by SpeB, resulting in either loss of or altered properties
of essential virulence factors for the bacteria (97,98). Thus, the role of SpeB in GAS pathogenesis is
highly complex and remains to be better defined in the context of the route of infection as well
as host–pathogen interactions.

4.4. The Streptolysins

Group A streptococcus produces two antigenically and functionally distinct haemolysins: strep-
tolysin O (SLO) and S (SLS) (99). SLS is a nonimmunogenic oxygen-stable cytolysin, which has a
direct cytotoxic effect on several human cell types. The mechanism by which SLS mediates its cyto-
toxic activity is not well defined. However, SLS-deficient GAS strains were reported to be signifi-
cantly less virulent in mice than their isogenic wild-type strains, as evident by the loss of the ability
to induce inflammatory responses, weight loss, and necrotic lesions (100).

Streptolysin O is a pore-forming cytolysin with well-established cell and tissue-destructive capac-
ity (99). SLO has been shown to be a potent inducer of IL-1β and TNF-α production in human
monocytes (39). This response was significantly enhanced by the synergistic effect of the superantigen
SpeA (39). As mentioned earlier, SLO also acts in synergy with the cysteine protease SpeB, which
results in augmented lung injury in an experimental rat model (64). Previous reports have shown that
keratinocytes and Hep-2 cells express high levels of proinflammatory cytokines in response to adher-
ent, but not to nonadherent, streptococci (101–103), and, furthermore, that this phenomenon was
coupled to the activities of SLO (102). In an experimental murine skin model, SLO-deficient GAS
strains were attenuated in virulence, and although the bacteria disseminated in these animals, they
were less likely to cause lethal infection when compared to wild-type strains (104).

5. CYTOKINES IN SEPSIS

One of the initial events in sepsis is the induction of proinflammatory cytokines, which trigger
cytokine cascades, causes the activation of the complement and coagulation systems, induces endot-
helium and vessel injury, and elicits the release of proteases, arachidonic acid metabolites, and nitric
oxide (105,106). The cytokines that are most commonly associated with sepsis include IL-1, TNF-α,
IL-6, IL-8, IL-12, IFN-γ, MIF, and high mobility group-1 (HMG-1) (106–108). However, there are
several additional cytokines being released during sepsis, and together with the above-mentioned
ones, they interact in a complex network involving several crossover points and feedback loops. IL-1
and TNF-α induce potent pyrogenic and hypotensive responses, and the administration of either
cytokine reproduces the clinical symptoms of sepsis (reviewed in ref. 106). One of the best markers
for sepsis outcome is IL-6. However, IL-6 per se does not induce a proinflammatory response, or
hypotension, and does not cause shock in animal models. MIF is a pituitary- and macrophage-derived
factor (107) that behaves as a proinflammatory cytokine and was recently shown to be a critical
mediator of septic shock (33,109). Gram-positive superantigens were identified as the most potent
inducers of MIF (33). HMG-1 is another recently identified critical mediator of septic shock (108).
HMG-1 is a potent proinflammatory cytokine that appears late in the cytokine cascade and is pro-
duced over a prolonged period (108,110).

Because of the central role of cytokines in sepsis, immunotherapy directed against these inflam-
matory mediators has been a major area of investigations in this field. However, so far, anticytokine
therapy, although very promising in experimental models, have failed to improve the survival rate in
humans (111). This failure may be attributed to compensatory mechanisms characteristic of cytokine
networks and/or to the need to achieve a delicate balance in cytokine concentrations during infection.
A better appreciation of the cytokine network and concentration-dependent variable effects of certain
cytokines is needed for the design of more effective drugs that can halt the harmful effects of inflam-
matory cytokines without blocking the beneficial effects of these mediators in fighting the infection.
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Another important factor to consider, in this regard, is the noted difference in the cytokine induction
profile between Gram-negative and Gram-positive sepsis (35). As mentioned earlier, Gram-positive
superantigens induce powerful production of monokines as well as lymphokines, whereas Gram-
negative bacteria and LPS predominantly induce monokine production, at least in the initial phases
of infection (35). The kinetic of the cytokine response also differs significantly, with a more rapid
burst of monokine release noted for LPS as compared to superantigens (35). Hence, the specificity of
the pathogenic agent is likely to influence the profile of the cytokine response in vivo and, conse-
quently, specific immunotherapies may have varying efficacies depending on the type of inciting
pathogen and the timing of the therapeutic intervention. Novel cytokine targets include the recently
identified late mediators of sepsis, including HMG-1 and MIF.

6. CYTOKINES IN GROUP A STREPTOCOCCAL INFECTIONS

6.1. In Vivo Cytokine Patterns in Experimental Group A
Streptococcal Sepsis and Shock

In a baboon model, intravenous infusion of GAS resulted in a clinical picture that closely resembled
that seen in streptococcal toxic shock syndrome, including profound hypotension, leukopenia, renal
impairment, thrombocytopenia, disseminated coagulopathy, and high mortality rates (112). A critical
role for TNF-α was evident by the rapid rise in serum TNF levels as well as by the significantly
improved survival rate following the administration of anti-TNF-α antibodies to these animals (112).
There have been several clinical trials of various anti-TNF-α therapies in sepsis; however, neither
agent has been able to significantly lower the mortality rates (113), and one trial, which assessed the
efficacy and safety of a soluble TNF receptor, even showed a dose-dependent increased mortality in
the active group (114).

The need for a delicate balance between protective and detrimental effects of a given cytokine was
underscored in a murine model of GAS skin infection (115). In this model, the administration of IL-12,
either prophylactically or therapeutically, protected mice against GAS infection, as shown by increased
survival. The effect of IL-12 seemed to be attributed to its ability to induce IFN-γ, inasmuch as
neutralization of IFN-γ, by use of antibodies or IFN-γ knockout mice, increased susceptibility to
lethal infection and abrogated the protective effects of IL-12. Importantly, IL-12 was only protective
at low doses; at high doses, it triggered detrimental effects that were associated with increased sys-
temic levels of IFN-γ.

6.2. In Vivo Cytokine Responses in Patients with Invasive
Group A Streptococcal Infections

In agreement with what has been reported for sepsis in general, patients with severe GAS sepsis
were found to have elevated plasma levels of TNF-α and IL-6 compared to bacteremia or pharyngo-
tonsillitis patients (116). Furthermore, analysis of cytokine production by enumerating the percent-
age of cells producing specific cytokines using a single-cell immunostaining technique revealed very
high frequencies of IL-2-, IL-6-, and TNF-α-producing cells (117). In certain patients, 20% of the
circulating peripheral blood mononuclear cells were producing TNF-α during the acute phase of
invasive GAS infections. These frequencies corresponded well to the frequencies expected of a typi-
cal superantigen response, which usually stimulates 5–20% of resting mononuclear cells. Severe
invasive cases suffering from toxic shock and/or necrotizing fasciitis had significantly higher fre-
quencies of IL-2-, IL-6-, and TNF-α-producing cells in their circulation compared to nonsevere inva-
sive cases (e.g., cases of bacteremia, erysipelas, or cellulitis). Importantly, this difference between
severe and nonsevere cases could be reproduced in vitro during the convalescent phase (at least 1 mo
after discharge and recovery). Paired age- and gender-matched severe and nonsevere cases infected
with a clonal M1 GAS strain were tested in vitro during their convalescent phase for immune response
to superantigens produced by their infecting isolates. The severe cases responded consistently higher
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to the streptococcal superantigens they had been exposed to during their infection than the nonsevere
cases (117). This reproducible difference between the high and low responders, who respectively had
severe versus nonsevere disease, suggested a strong influence of host immunogenetic factors in modu-
lating the outcome and severity in invasive GAS infections. The finding is in complete agreement
with the recent discovery of a strong association between the human leukocyte antigen (HLA) class II
haplotype of infected patients and disease progression, and the demonstration that the class II allo-
type strongly influenced the in vitro immune response induced by streptococcal superantigens (50).

Similar to the predicted value of the number of proinflammatory cytokine-producing cells in the
circulation of patients with severe GAS infections, a significant correlation between in vivo inflam-
matory responses and severity of infection was noted at the local site of infection in patients with soft
tissue infection (75). Increasing levels of IL-1 and significantly higher frequencies of Th1 cytokine-
producing cells were found in more severely affected tissue biopsies (see Fig. 4). The finding of high
frequencies of cells producing Th1 cytokines at the local site of infection was of special interest
because neither TNF-β- nor IFN-γ-producing cells could not be detected at significant numbers in the
peripheral circulation of patients with invasive GAS infection (116–118). This is not unusual inas-
much as other studies have shown that cells producing these cells tend to leave the peripheral circu-
lation and home to the infected tissue site (119). Hence, the cytokine profile at the local site of
infection mimicked that of a typical superantigen cytokine response and provided evidence for the
direct actions of superantigens in GAS tissue infections (75). Further experiments assessing the
expression of homing receptors revealed a strong correlation between the magnitude of Th1 cytokines
and certain homing receptors—in particular CCR5, CD44, and cutaneous lymphocyte antigen (75)
(see Fig. 5). These data taken together with previous reports on superantigens and homing receptors
(120–127), suggest that superantigen activation of peripheral T-cells may induce upregulation of
these homing receptors and thereby promote the migration of these activated T-cells to the skin and,
subsequently, exacerbated inflammation at the local site of infection.

Further support for a critical role of superantigen-induced cytokine responses in the pathogenesis
of invasive GAS infections was provided by studies of the use of IVIG (77,128) or superantigen
peptide antagonists in severe invasive GAS infections (129,130). Several in vitro studies have shown
a complete abrogation of superantigen-induced cytokine production by IVIG (reviewed in ref. 131).
In a case control study of IVIG in streptococcal toxic shock syndrome patients, it was shown that
IVIG therapy significantly reduced TNF-α and IL-6 levels and correlated to improved survival (77).
The use and mechanism of IVIG is further discussed in Chapter 26, and it appears to involve both the
action of antisuperantigen neutralizing antibodies and the immunodulatory effects of IVIG. Another
promising therapeutic approach is to inhibit superantigens by peptides. Peptides representing com-
mon regions shared between both streptococcal and staphylococcal superantigens have been identi-
fied (129–132), and peptides specific for these regions were able to inhibit the induction of cytokines
and protect against lethal shock in experimental models of superantigen-induced toxic shock
(129,130,132).

7. CONCLUSIONS

Group A streptococci express several molecules with proinflammatory activity, including both
cell wall components and secreted factors, of which the superantigens are the most potent inducers of
inflammatory cytokine cascades. Cell wall virulence factors activate mainly innate immunity and
interact with antigen-presenting cells to elicit the induction of chemokines and monokines.
Superantigens, on the other hand, are powerful inducers of cytokines from the innate as well as the
acquired arm of the immune system involving the activation of both antigen-presenting cells and T-
cells. The proinflammatory and tissue-damaging effects caused by superantigen-induced responses
is further exacerbated by the synergistic effect of several other GAS virulence factors. There is ample
in vitro and in vivo evidence that superantigens and their induction of cytokines are critical in the
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Fig. 4. Correlation between severity of tissue infection and increased expression of proinflammatory
cytokines. Tissue biopsies were obtained from patients with tissue infections caused by group A streptococci
and immunostained for IL-1α, IL-1β, TNF-β, and IFN-γ. The biopsies were classified according to clinical
grade, defined as 1 = normal tissue, no signs of inflammation (squares), and 2 = cellulitis, fasciitis, and necro-
tizing fasciitis (circles). The stainings were evaluated by acquired computerized image analysis (ACIA) and the
results are presented as ACIA values, which correspond to the area and intensity of positive stain (brown) in
relation to the total cell area (hematoxylin counterstain). The horizontal bars indicate mean values. Statistical
differences between biopsies of clinical grades 1 and 2 were analyzed by the Mann–Whitney U-test, and p-
values are indicated above the bars. (Based on data from ref. 75.)

Fig. 5. Upregulation of CCR5, CD44, and CLA correlate with higher Th1 response. Tissue biopsies were
obtained from patients with tissue infections caused by group A streptococci. Snap-frozen biopsies were
immunostained for CCR5, CD44, CLA, TNF-β, and IFN-γ, and the stainings were evaluated by acquired com-
puterized image analysis (ACIA). A significant correlation between Th1 cytokine levels (TNF-β + IFN-γ) and
receptor expression was determined by Spearman’s correlation test. Spearman R values and P-values are indi-
cated in the figure. (Based on data from ref. 75).

development of toxic shock and in destructive tissue infections caused by GAS. However, individu-
als vary considerably in their susceptibility to the superantigens, and this variability affects both the
magnitude and type of cytokine response during the invasive infection. It has been shown that patients
with a propensity to produce higher levels of inflammatory cytokines in response to streptococcal
superantigens develop significantly more severe systemic manifestations than patients with a pro-
pensity to produce lower levels of inflammatory cytokines to the same superantigens. This difference
in propensity to be a high or a low responder was attributed to differences in immunogenetic ele-
ments of the host, primarily the HLA class II genes, which encode molecules that regulate the magni-
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tude of cytokine responses to superantigens. Thus, host factors clearly influence the magnitude of
cytokine responses to superantigens and, consequently, the clinical outcome of the infection. The
finding that superantigens are pivotal players in severe invasive GAS disease suggests that therapy
directed toward superantigens, or against the excessive cytokines induced by these toxins, may afford
an effective therapeutic strategy in these diseases.
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Superantigens and Bacterial DNA as Cytokine Inducers

in Gram-Positive Sepsis

Klaus Heeg

1. INTRODUCTION

Gram-positive bacteria like Staphylococcus aureus cause severe and life-threatening infections,
including systemic bacteremia (sepsis) and local infections that eventually may lead to toxic shock
syndrome (TSS). In addition, staphylococci not only play an important role as a single causative
agent of a systemic infection, but they also can be isolated frequently from blood cultures, together
with other infectious agents, especially Gram-negative bacteria. Although major steps in the patho-
genesis of Gram-negative infections have been elucidated in the last decades, it was unknown for a
long time which constitutive components or induced products of staphylococci would contribute to
pathogenesis of staphylococcal infections.

A major breakthrough in the general understanding of an infection was the finding that innate
immune cells sense infectious danger by the recognition of conserved bacterial products or constitu-
ents via phylogenetically conserved receptors (1,2). According to their counterparts in
nonmammalians, they are termed Toll-like receptors (TLRs). So far, 10 distinct TLRs have been
identified, of which TLR4 is mandatory for recognition of lipopolysaccharide (LPS) (3). However,
opposed to Gram-negative, bacteria staphylococci do not synthesize LPS (endotoxin), a key mediator
in pathogenesis of infections with Gram-negative bacteria (4). Therefore, other components or prod-
ucts of staphylococci mediate initial activation of the innate immune system, which eventually lead
to inflammation and systemic cytokine syndrome (shock). Several constituents of staphylococci have
been identified to exert activation of innate immune cells in a TLR-dependent manner: peptidoglycan
(PepG), lipoteichoic acid (LTA) (5) and bacterial DNA (CpG-DNA) (6). In addition, secreted prod-
ucts of staphylococci also play an important role in activating and regulating the innate immune
system: pore-forming toxins (7) and superantigens (8–10). This chapter focuses on two of these com-
ponents: CpG-DNA and superantigens (SAgs).

2. SUPERANTIGENS

2.1. Superantigens: Mode of Action
A group of proteins has been termed Sag; they share a unique mechanism to interact with innate as

well as adaptive immune cells. These features distinguish SAgs from conventional proteins and char-
acterize an alternative pathway of antigen presentation and subsequent activation of T-cells (11).
According to the classical method of antigen presentation, foreign proteins are taken up by profes-
sional antigen-presenting cells, subsequently degraded in specialized intracellular compartments, and,
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finally, presented as small peptide fragments within the groove of major histocompatibility complex
(MHC) class II molecules to peptide reactive T-lymphocytes (12). The fraction of reacting T-lym-
phocytes corresponds to the specificity of their clonally distributed T-cell receptor, representing only
a minor fraction of the total antigen-reactive T-cell pool. In contrast to conventional antigen, SAgs
bypass these rate-limiting steps of antigen processing and bind directly as an intact protein to MHC
class II molecules on the surface of antigen-presenting cells (see Fig. 1) (13–15). Furthermore, a SAg
bound to MHC class II interacts then with regions of the β-chain of the T-cell receptor (TCR) that are
encoded by the Vβ gene segments of the TCR gene locus (16–18). Because the number of distinct Vβ
gene segments is limited, SAgs target many more T-cells than conventional antigens. Depending of
the individual SAg and the host species, individual SAgs are thus capable of reacting with up to 25%
of all peripheral T-lymphocytes.

Most prominent SAgs are the staphylococcal enterotoxins (SEs) (11) and the streptococcal
pryogenic exotoxins (SPEs) (19), although many different bacteria as well as viruses have been shown
to produce superantigeneic proteins. Staphylococcal enterotoxins were first detected as causative
agents in staphylococcal-dependent gastroenteritis. They do not comprise a single entity. Genetically
distinct staphylococcal enterotoxins have been described (SEA–SET) (20) that share the SAg proper-
ties yet differ in their binding affinity to MHC class II as well as in their preference for certain Vβ
chains. Moreover, SAg production is not a quality of a subpopulation staphylococci, rather it is a
general feature of pathogenic Staphylococcus aureus strains [e.g., more than 50% of S. aureus iso-
lates are able to produce at least one of the SAgs (21)].

Although SEs have been recognized long ago, their superantigeneic properties were discovered
not until the late 1980s (22,23). First, it was recognized that enterotoxins are mitogenic for peripheral
blood lymphocytes and, subsequently, also for certain, but not all, T-cell clones (13). It was the
epochal work of White et al. that correlated the selective mitogenicity of enterotoxins for T-cells to
the T-cell’s usage of certain Vβ encoded TCR β-chains (24).

2.2. The In Vivo Response to SAg: Progression from Activation to Unresponsiveness
Introduction of SAg into mice leads to a complex pattern of concomitant and sequential reactivi-

ties that ultimately results in clonal anergy and unresponsiveness of the reactive T-cells (25–27). SAg
injected locally enters the draining lymph system within minutes and floats into the local lymph
nodes (28). There, SAg binds to MHC class II positive cells (macrophages, dendritic cells [DC] and
B-cells) and subsequently activates the respective Vβ-bearing T-cells. T-Cell activation takes place
within minutes because loss of L-selectin expression of the reacting T-cells can be measured after
10–15 min (29). T-Cells are activated and start to initiate transcription and translation of a wide
variety of cytokine mRNAs, including those for interleukin (IL)-2, tumor necrosis factor (TNF), and
interferon-γ (IFN-γ) (30). After 1–2 h, cytokines can be detected systemically in the sera of mice. IL-
2 and TNF secretion is shut down after reaching peak values at 2–4 h (31). In contrast, IL-10 produc-
tion reaches its maximum after 24 h. Initial cytokine secretion is strictly dependent on T-cells, because
the T-cell-specific immunosuppressive agent CsA is inhibitory and because T-cell-deficient mutant
mice do not respond to SAgs (31,32).

During this initial phase, cytokine release triggers wasting of mice accompanied with a transient
loss of weight, symptoms that are probably brought about by the systemic action of TNF (32). When
very high doses of SAgs are used or when mice are presensitized to the action of TNF by D-galac-
tosamine (D-GalN) treatment, mice succumb to lethal cytokine syndrome (31). Lethal outcome is
caused by the systemic action of TNF because anti-TNF monoclonal antibodies prevent death (31).
Moreover, TNF receptor p55 knockout (KO) mice or TNF KO mice survive SAg bolus injection.
Thus, in the initial phase, Sag-induced lethality resembles that of LPS-induced lethal cytokine syn-
drome in that both are dependent on overshooting TNF production. In contrast to LPS-induced shock
that depends on the activation of CD14- and TLR4-positive innate immune cells, Sag-induced shock
critically relies on the activation of T-lymphocytes.
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After initial hyperactivation, Sag-induced T-cells transit to a refractory state, where TCR trigger-
ing fails to induce further cellular responses like IL-2 secretion (33,34). The refractory state is Vβ
selective and followed by a stepwise and transient downregulation of TCR- and coreceptors like
CD4/CD8 or CD2 (34). Depending on the strength of activation, a significant proportion of T-cells
undergo apoptosis. However, the remaining cells express IL-2 R and start extensive proliferation and
Vβ selective expansion (35). After 2 d Sag-reactive T-cells comprise more than 50% of all T-cells in
secondary lymphoid organs. Thereafter, expansion ceases and most Sag-reactive T-cells die via
apoptosis (36). The proportion of the remaining SAg-specific Vβ expressing T-cell population is less
than normal and characterized by an anergic state (37,38). These T-cells fail to respond to further
stimulation to SAgs as well as to conventional antigens (39). Hence, after initial activation, SAgs
induce long-lasting Vβ selective T-cell anergy.

2.3. SAg Effects on Innate Immune Cells (Antigen-Presenting Cells)
Superantigens activate MHC class II-expressing antigen-presenting cells (APCs) by two routes

(40). It has been shown that several SAg are capable of crosslinking MHC class II molecules on APC
and thus induce activation and induction of APC function (41). On the other hand, cytokines derived
from SAg-activated T-lymphocytes critically control APC function. The latter mechanisms seems to
be dominant, because blockade of T-cell-derived cytokines by the T-cell-specific immunosuppres-
sive agent cyclosporine A (CsA) suppresses most of the effects of SAgs on APCs. Two waves of
reactivities characterize the cytokine-mediated effects on APC (42). Initially, effector cytokines like
IFN-γ and TNF activate APCs and enhance immunostimulation as well as bactericidal effector func-
tions of macrophages. One important first-step effector mechanism is induction of the inducible NO
synthase (iNOS) (43), which, in turn, enhances the bactericidal macrophage functions. Indeed, after
SEB pretreatment mice display an enhanced resistance to otherwise lethal injection with Listeria
monocytogenes (unpublished observations). After initial activation, regulatory cytokines like IL-10
(44), which peak 24 h after SAg injection, take over control: the antigen-presentation function of
APCs is inhibited (45,46). In fact, APC derived from mice 24 h after treatment with SAg fail to
stimulate peptide- or Sag-specific naïve T-lymphocytes.

2.4. SAg and Induction of Lethal Cytokine Syndrome
After oligoclonal activation of Sag-reactive Vβ expressing T-cells, a burst of proinflammatory

cytokines is released. TNF serum levels peak after 2 h and then fall back to background values (31).
In contrast, IL-2 and IFN-γ levels peak later (4 h) and can still be detected after 16 h. Compared to the

Fig. 1. Recognition of antigen and superantigen.
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endotoxin response, the peak values for TNF are rather low. In normal mice, these low systemic
amounts of TNF fail to induce lethal systemic responses (e.g., a lethal cytokine syndrome). If, how-
ever, the hepatic acute-phase response is blocked by prior administration of D-GalN SAg-induced
TNF levels are sufficient for liver cell apoptosis and subsequent lethality (31,47). Hence, SAgs, at
least in an experimental model of shock, are rather inefficient to induce directly and solitarily a lethal
cytokine syndrome. Nevertheless, in humans, SAgs are the key mediators of the toxic shock syn-
drome, which is characterized by a systemic action of locally produced superantigens (48).

2.5. SAg and Its Functional Interactions with Lipopolysaccharides

Although SAg per se are rather poor inducers of a systemic cytokine response, their interactions
with other inducers of septic shock are of immense importance. Two forms of relations can be opera-
tionally distinguished: acute synergism and sensitization to LPS.

When SAgs and LPS are given to mice concomitantly, both inducers synergize in inducing mac-
rophage activation and production of cytokines (49,50). Resulting TNF serum levels increased sev-
eral-fold and mice died of lethal shock without being presensitized with D-GalN (47). Thus, combined
injection of SAgs and LPS leads to an acute cytokine syndrome that resembles septic shock, yet does
not require artificial manipulation of mice. Interestingly, mice die after injection of SAgs and LPS at
later time-points with only minor signs of disintegration of the liver (47). Instead, they show apoptotic
areas in the gut (large intestine) and in the hippocampus. In mice with no T-cells or mice with a
suppressed T-cell system (e.g., CsA), SAgs and LPS fail to manifest this synergistic response. Syner-
gism is also characterized by up to a 100-fold reduction of the doses of SAgs or LPS required to
induce complete lethality (47).

Although SAgs and LPS target different responder cells and thus induce macrophage as well as
T-cell-derived TNF, this mechanism only partially explains the synergistic effects observed. Experi-
ments using anti-IFN-γ monoclonal antibodies (mAbs) and IFN-γ receptor KO mice point to another
explanation (47). Because blockade of IFN-γ by mAb completely prevented synergism, this T-cell-
derived cytokine seems to be a key mediator. Accordingly, SAgs induce high IFN-γ production from
reacting T-cells. The mechanism of the resulting IFN-γ mediated synergism might be twofold. First,
IFN-γ might synergize together with TNF and IL-6 in inducing lethal cytokine responses. Indeed,
such cytokine-mediated effects have been demonstrated (51). However, this mechanism does not
explain elevated TNF serum levels in mice treated with SAgs and LPS. Therefore, a second mecha-
nism could be operative. T-Cell-derived IFN-γ would activate macrophages that, in turn, now become
hyperresponsive to LPS and thus produce higher amounts of TNF (52,53). Hence, SAgs and LPS
target different responder cells and the in vivo immune response to these stimuli is interconnected at
the level of cytokines. The interconnectivity of distinct stimuli might result in stronger and synergis-
tically enhanced responses of the innate immune system. Because both LPS and SAgs are effective
not only at the local site of infection but also systemically, these interactions might occur frequently
and might critically determine the fate of an infection.

2.6. SAg Induce Sensitization of Innate Immune
Cells to LPS (Shwartzman-like Reaction)

Whereas pretreatment of mice with high doses of LPS induces a transient state of hyporeactivity
(LPS tolerance), injection of low doses of LPS leads to a systemic hyperreactivity toward a subse-
quent challenge with LPS (Shwartzman reaction) (54). IL-12 and IFN-γ have been identified as key
cytokines conveying sensitization (52,54).

Perhaps the most prominent action of SAgs in vivo during lethal cytokine syndrome is the induc-
tion of a Shwartzman-like reaction (55). When SAgs are injected into mice, they induce a transient
state of hyperreactivity to LPS. The hyperreactive period starts 8 h after SAg administration and lasts
for at least another 24 h. During that period, administration of LPS leads to an overshooting produc-
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tion of cytokines by macrophages. TNF serum levels have been observed that are up to 100-fold
higher than in nonsensitized mice (55). Moreover, macrophages from sensitized mice produce IFN-γ
even when triggered with LPS. This tremendous storm of cytokines is, again, lethal for mice without
prior pretreatment with D-GalN. The key mediator of presensitization is IFN-γ, because anti-IFN-γ
mAbs completely block this Shwartzman-like reaction (55). Presensitized macrophages display
higher expression of CD14 molecules on their surface. This upregulation overlaps in time with the
sensitized phenotype. In addition, these cells also express the chains of the IL-2 receptor complex:
IL-2R-α, -β, and -γ. Upregulation of these molecules is dependent on T-cell-derived IFN-γ because
anti-IFN-γ mAbs as well as CsA block these changes (unpublished observations). Surprisingly, the
upregulated IL-2R complexes are functional at least in vitro, because peritoneal macrophages iso-
lated from mice that were preinjected with SAg respond with TNF secretion upon stimulation with
recombinant IL-2. Thus, presensitized macrophages not only show an enhanced responsiveness to
endotoxin, but also respond to stimuli that otherwise have no direct effect on these cells.

Taken together, SAgs gain importance during infection because of their oligoclonal T-cell stimu-
lation. It is not only the direct effect of SAgs that may eventually induce a toxic shock syndrome, but,
of equal importance, it is their indirect action on innate immune cells like macrophages. The key
mediator of these effects is T-cell-derived IFN-γ that critically influences macrophage function and
regulates the response of these cells to other stimuli like LPS. Prominent effects of SAgs are acute
synergism with LPS and induction of a Shwartzman-like reaction that sensitizes the immune system
to endotoxin (see Fig. 2).

3. BACTERIAL DNA AS MICROBIAL PATTERN

3.1. Bacterial DNA and CpG Motifs: Historical Aspects
For a long time, DNA was considered immunologically inert; however, this notion was challenged

and completely changed in the last decade. Three initially independent lines of scientific experimen-
tation led to the formulation of the concept of immunostimulative CpG DNA. The first track started
in the 1970s with the observation that Mycobacteria could be used to treat cancer (56). In attempting
to identify the underlying principle, Tokunaga and colleagues identified the active component in
their mycobacterial preparations as a DNA-rich fraction; they termed it MY-1 (57). My-1 not only
caused tumor regression but also activated natural killed (NK) cells and induced IFN production
(58). They further noted that only bacterial DNA but not mammalian DNA was effective (59). A
breakthrough was the observation that single-stranded oligonucleotides selected from mycobacterial
genomic sequences were able to mimic the effects of bacterial DNA (60). This, in turn, allowed the
identification of a minimal DNA motif, which induced NK activation and cytokine secretion. The
motif was characterized as a six-base palindrominc sequence. The motif was most effective when the
central bases were comprised of a cytosine and guanosine (CpG) (61).

In analyzing the immune response of systemic lupus erythematosus (SLE), Pisetzky and colleagues
reported that bacterial DNA but not mammalian DNA could be found in immune complexes in plasma
of SLE patients (62). They were able to show further that bacterial DNA was mitogenic for B-lym-
phocytes and induced polyclonal IgM responses (63). Interestingly, methylation of synthetic oligo-
nucleotides resulted in complete loss of the DNA’s immunogenicity. Finally, Krieg and colleagues
defined immunostimulative motifs in analyzing unexpected side effects of antisense oligonucleotides,
targeted to inhibited certain endogenous and exogenous genes (64). These side effects included pro-
liferation and clonal expansion of B-cells as well as upregulation of MHC class II molecules (65). In
elegant work, this group defined the base sequence requirements for optimal mitogenicity on B-cells.
They found that a hexameric motif in single-stranded oligonucleotides is mandatory for the
immunostimulatory effects: two purins at the 5' end, centered by a CpG dinucleotide, and two pyrim-
idines at the 3' end (5'-Pur-Pur-CpG-Pyr-Pyr-3'). Whenever an oligonucleotide contained such an
sequence motif, it was immunostimulatory on B-lymphocytes (65,66).
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3.2. CpG-Sequence Motifs Confer Immunostimulatory Activity to DNA
Although both bacterial and mammalian DNA contain CpG dinucleotides and, thus,

immunostimulatory motifs, the frequency of immunoactive CpG dinucleotides is different. First, the
overall frequency of CpG dinucleotides is reduced in mammalian DNA, a phenomenon that has been
recognized long ago as “CpG-suppression” (67). Second, most cytosine bases in mammalian DNA
are methylated, whereas methylation only rarely occurs in bacterial DNA (68). Therefore, it is gener-
ally accepted that “free” CpG dinucleotides of bacterial DNA represent a structural pattern that can
be recognized by innate immune cells (69).

Cytosine and guanosine dinucleotides are recognized by innate immune cells in the context of 5'
and 3' flanking regions. For mice, a hexameric motif has been described (see Section 3.1) (65). How-
ever, other mammalian species recognize CpG dinucleotides in the context of different flanking re-
gions (70–72). An effective motif for human cells seems to contain multiple CpG dinucleotides and
flanking regions with less stringent sequence requirements. In addition to the classical CpG DNA,
other DNA sequence motifs have been described that display different biological effects (73). Oligo-
nucleotides containing multiple guanosine residues activate NK cells and not macrophages and thus
represent a second class of immunostimulatory DNA (73; unpublished data). Moreover, DNA se-
quences derived from adenoviral sequences have antagonistic properties and block the action of CpG
DNA (74). Synthetic DNA sequences with similar characteristics have been described also (73,75).
Thus, the DNA molecule itself is able to interact with and signal innate immune cells at multiple
levels and with different outcomes, depending on its base sequence.

3.3. CpG DNA: Uptake and Mode of Action
The mode of action of CpG DNA was primarily elucidated with synthetic oligonucleotides as a

probe for immunostimulatory DNA. For some effects of CpG DNA, it is still controversial whether
CpG DNA has to be taken up or whether CpG DNA exerts its effects by binding of an cell surface
receptor. The latter mechanism may apply for some effects of CpG DNA on human B-lymphocytes.
In contrast, it is generally accepted that the action of CpG on innate immune cells like dendritic cells
(DCs) or macrophages requires cellular uptake. An involvement of specific receptors (e.g., the scav-
enger receptor) is still under debate (76,77). Lysosomotropic substances like chloroquine or

Fig. 2. Role of superantigens during sensitization to endotoxin.
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bafilomycin block effect of synthetic CpG DNA as well as of bacterial DNA preparations (78–80).
Thus, initiation of CpG-dependent signals seem to occur in the early endosomal compartment. After
triggering cells with CpG DNA, signal cascades are activated within minutes (79,80). Those include
the MAP kinase pathway and translocation of nuclear factor (NF)-κB that induce transcription of the
relevant genes.

In comparing different signal pathways, it became evident that CpG DNA triggers signal pathways,
that are indistinguishable from other signal pathways like the LPS triggered pathways or IL-1R-related
signaling cascades (81). Moreover, it was shown that essential intracellular signal adaptor proteins
like MyD88 or TRAF6 are shared by these signal pathways (82) (see Fig. 3). A major breakthrough
was the description of a new receptor class that shares homology with a receptor system in Drosophila
termed the “Toll receptor.” Toll receptors are important in embryonic development and for initiation
of appropriate immunological response to infection. In humans, 10 receptor homologs have been found
so far (Toll-like receptor, TLR) (3,83,84). All TLRs contain an intracellular domain termed “TIR,”
which links the TLR to the intracellular signal adaptor molecules (see Fig. 3). Because LPS signal
transduction was attributed to TLR4 (85,86), it was no major surprise when TLR9 could be identified
recently as the signal transducing receptor in CpG DNA signaling (87). Individual TLR receptors
show distinct pattern of expression. TLR 9 is primarily expressed on B-lymphocytes, macrophages,
and DCs. In humans, plasmacytoid DCs express high levels of TLR9, whereas monocytic DCs show
no expression (88). Interestingly, the distinct CpG motif requirements in human and mouse correlate
with the respective TLR9 molecule. Thus, cells transfected with murine TLR9 are responsive to the
murine CpG motif, whereas the same cells transfected with the human TLR9 molecule respond to the
human CpG motif. Interestingly, preliminary evidence suggests that in contrast to TLR4 expression,
TLR9 seems to be confined to the endosomal compartment. That would explain why CpG DNA has to
be taken up to exert its immunostimulatory function.

3.4. CpG DNA: Effects
The most relevant effect of CpG DNA, irrespective of whether synthetic DNA or bacterial DNA is

used, is its effect on APCs such as DCs or macrophages (70,89). Within minutes, these cells become
activated and respond with a variety of distinct effects. Rapid induction of proinflammatory cytokines

Fig. 3. CpG signaling pathways.
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(TNF, IL-12) as well as upregulation of the antigen-presenting machinery (expression of MHC mol-
ecules and costimulatory molecules) is observed (89,90). In mice, immature DCs differentiate into
mature DCs and enhance their potency to present antigen to T-cells (89). The initial production of
proinflammatory cytokines is followed by secretion of regulatory cytokines such as IL-10. B-Cells
are polyclonally activated by CpG DNA and produce IgM. NK lymphocytes respond with secretion
of IFN-γ (71); this response is indirect and the result of macrophage-derived IL-12 (91). Finally, it
was reported that CpG DNA stimulates extramedullary hemopoiesis (92).

Compared to other TLR-dependent microbial patterns, stimulation with CpG DNA is most effec-
tive in inducing IL-12 (93,94). This, in turn, indicates that individual signal pathways might exist that
critically determine the biological valence of a TLR stimulus. One can speculate that this selective
signaling could be caused by distinct TIR domain-selective intracellular signal adaptor proteins in
addition to MyD88 (95). Furthermore, the marked propensity of CpG DNA to induce high amounts
of IL-12 classifies CPG DNA opposed to LPS or LTA as a powerful agent to assist the induction of
T-cell responses (96). Indeed, CpG DNA has been used as an immune adjuvant in vaccination studies
with promising results (for a review, see ref. 97). Moreover, CpG DNA not only favors T-cell activation
but also directs ongoing T-cell responses to an Th1-type response characterized by IFN-γ secretion and
suppression of IL-4 (98). In infection models for Th2-mediated diseases (murine leishmaniasis) CpG
DNA was capable of preventing induction of lethal Th2-mediated pathology and even was able to cure
established Th2 illness (99). It is thought that these Th1-promoting effects of CpG DNA during infec-
tion disfavor induction of undesired Th2 profiles, as in allergies. Accordingly, infection directs an im-
mune system toward the Th1 type of reactivity via the action of CpG DNA (100) (see Fig. 4). The
hygiene hypothesis of induction allergy follows this line of argument (101).

3.5. CpG DNA: Pathophysiology
Because of its immunostimulatory properties, CpG DNA can cause a lethal cytokine syndrome, at

least in experimental animals (6). Synthetic oligonucleotides as well as bacteria-derived DNA acti-
vated innate immune cells, followed by an intensive release of proinflammatory cytokines, including
TNF, IL-6, and IFN-γ (6,102). This cocktail of mediators induces lethal shock. LPS nonresponder
mice as well as T-cell-deficient mice are as susceptible to the CpG DNA-mediated cytokine syn-
drome as normal wild-type mice, indicating that, primarily, the DCs and macrophages respond to
CpG DNA in a TLR4-independent fashion (103). Pathophysiological effectiveness has been attrib-
uted to DNA derived from bacteria. DNA isolated from vertebrate sources (e.g., calf thymus DNA) is
ineffective. However, not only prokaryotic DNA but also eukaryotic DNA might be
immunostimulative. It has been reported that DNA derived from Drosophila is capable of inducing
the production of type I interferons (104). Thus, recognition of nonvertebrate foreign DNA seems to
be a distinctive property of the vertebrate’s innate immune system.

There are indications that DNA from different bacterial species might have not the same
immunostimulatory potency on a molecular base. This might be the result of a characteristic mixture
of immunostimulatory and inhibitory DNA sequence motifs within the genomic DNA of individual
species. Because the immunostimulatory DNA motifs recognized by different vertebrate species dif-
fer (see Section 3.4) (88), it is attempting to speculate that during coevolution, bacteria have been
selected according to the immunoreactivity of their DNA. Accordingly, the immunostimulatory po-
tency of DNA from individual bacteria could be different when tested with innate immune cells of a
natural host compared to other species. In addition, synthetic DNA fragments from individual iso-
lates of pathogenic bacteria show different immunostimulative properties that were linked to their
pathophysiological effectiveness (105).

3.6. CpG DNA and Its Relation to Other Bacterial Stimuli
Because CpG DNA triggers similar intracellular signal pathways as other TLR-related microbial

stimuli like PepG or LTA, it is no surprise that a combined treatment of APCs with TLR-dependent
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stimuli would be additive. Additive effects of CpG DNA can be observed with LPS or LTA not only
in vitro but also in vivo and relate to cytokine induction as well as on cellular activation and
upregulation of antigen presentation (106; unpublished observations). Treatment of macrophages
with high doses of LPS primarily induces activation, followed by a transient state of paralysis termed
“LPS tolerance” (107). The mechanism of this effect is not yet completely understood; yet, recent
data suggest that TLR4 expression might be downregulated upon stimulation with LPS (108). How-
ever, there are also indications that intracellular TLR-related signal cascades are affected causing a
cistype of signal inhibition. Accordingly, in vitro triggering with CpG DNA induces a state of refrac-
tory toward CpG DNA, which resembles LPS tolerance. This refractory state not only affects stimu-
lation with TLR9-dependent ligands (CpG DNA) but also the stimulatory activity of LPS or LTA
(unpublished observations). Thus, in vitro, individual TLR-dependent ligands induce a state of
refractoriness (tolerance), which includes also the reactivity to other TLR ligands. One could term
these effects “cross-tolerance” (109). Because different TLRs are involved in cross-tolerance, it can
be assumed that tolerance operates at the level of shared intracellular signal processing pathways.

Although cross-tolerance can be observed easily on macrophage cell lines in vitro, the mutual
effects of TLR ligands might be different in vivo. It has been shown that preinjection of mice with
CpG DNA does not inhibit the response to a subsequent challenge with LPS; rather, it enhances the
response (110). These apparently contradicting findings can be explained by the different cellular
tropisms of TLRs and distinct cellular responses. Although CpG DNA induces tolerance in vitro on
isolated macrophages, in vivo, CpG DNA also is a strong inducer of NK-cell-derived IFN-γ. Because
the enhancing effect of CpG DNA on LPS reactivity can be blocked by inhibiting IFN-γ and because
IFN-γ sensitizes macrophages, one can conclude that, in vivo, the CpG DNA-mediated tolerization
effects are overridden by CpG-induced IFN-γ (110). Thus, depending on the profile of induced cellu-
lar responses, CpG DNA might enhance or suppress cellular reactivities to other TLR ligands. These
observations point to a rather complex interplay between different TLR ligands during infection.

3.7. CpG DNA and Its Regulatory Effects on Cytokine Signaling
CpG DNA activates signal cascades within innate immune cells that ultimately lead to transcrip-

tion and translation of a set of response genes (81,111,112). This set not only is comprised of cytokine

Fig. 4. Effects of CpG DNA.
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genes or genes involved in antigen presentation, but also includes genes of the family of “suppressors
of cytokine signaling”, (SOCS). SOCS proteins first have been described as negative regulators of
the JAK–STAT signal pathway, being induced by the respective receptor ligands (113,114); for
example, IFN-γ signals via JAK–STAT-dependent pathways and induces the expression of SOCS1as
a negative control mechanism, which, in turn, inhibits STAT-dependent signaling. In analyzing the
response of macrophages, it was found that the TLR4 ligand LPS also effectively induced SOCS
expression. LPS-induced SOCS proteins were effective because they inhibited the cellular responses
to IFN-γ (115). The same was found to be true for CpG and an LTA-mediated cellular stimulation
(116). Accordingly, it was shown that TLR-dependent stimulation not only induced the classical
proinflammatory response genes but also negative regulators that shut off the cellular response to regu-
latory cytokines (see Fig. 5). Depending on their receptor structure and induced signaling cascades,
cytokines using JAK–STAT signal pathways are critically influenced by this mechanism. Those in-
clude IFN-γ, granulocyte colony-stimulating factor, and IL-6 (116,117). Because expression of SOCS
proteins seems not to interfere with intracellular TLR-related signals, one has to assume that TLR
stimulation induces a type of trans-regulatory response. The key target might be IFN-γ, whose activat-
ing effects on macrophages can be completely blocked by SOCS proteins.

Cis and trans negative regulation induced by TLR stimulation might have important consequences
during infection. Although TLR dependent ligands interact and collaborate during initial activation
of innate immune cells, the induced response also includes negative regulatory events that influence
TLR signaling (cis) and cytokine signaling (trans). It is obvious that these regulatory mechanism,
when triggered in a timely coordinated fashion (as in severe infections), might induce a subsequent
immunosuppression or immunoparalysis. This paralysis, in turn, might critically determine the out-
come of an infection.

4. CONCLUDING REMARKS
The recent years have witnessed a tremendous gain in understanding the molecular mechanisms of

the interaction of bacteria with the innate immune cells. These developments not only will help to
unravel the complex activating and regulatory pathophysiological event during infection but also

Fig. 5. CpG-mediated regulation of cytokine signaling in macrophages.
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may shade light into new pathways of a rational therapy. In this context, both superantigens and
bacterial DNA are new and important players. SAgs are important during infection as a direct activa-
tor and, perhaps more important, as an indirect regulator of macrophage function. Blocking SAgs by
monoclonal antibodies or by inhibiting the overshooting T-cell response might be new strategies to
combat certain infections. CpG DNA, on the other hand, has extended the family of microbial pattern
recognized by innate immune cells. In contrast to other TLR-dependent stimuli, the
immunostimulatory capacity of CpG DNA can be exploited by using synthetic oligonucleotides as
adjuvant or Th1/Th2 immunomodulators. Nevertheless, the exact role of CpG DNA during infection
has still to be defined. However, synthetic inhibitory DNA sequences may allow one, in the future, to
selectively inhibit bacterial CpG DNA. Finally, in elucidating the consequences of TLR-activated
intracellular signal cascades and the subsequent expression of regulatory gene products, different
phases of immunoreactivity during infection could be defined at a mechanistic level. Whether these
new regulatory mechanisms will result in new strategies to directly manipulate an immune response
during severe infection will be a rewarding task to answer in the future.
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Cytokines and Chemokines in Listeriosis

Michael S. Rolph and Stefan H. E. Kaufmann

1. INTRODUCTION

The mouse model of experimental Listeria monocytogenes infection has contributed greatly to
studies on cellular immunity since its development in the 1960s by Mackaness (1). It represents a
highly reliable, safe, and rapid model for infection with intracellular bacteria. Indeed, many funda-
mental discoveries in cell-mediated immunity have been achieved using the Listeria model of infec-
tion. In this chapter, we concentrate specifically on the role of cytokines and chemokines in the
immune response of mice to L. monocytogenes infection.

2. BASIC MICROBIOLOGY OF L. MONOCYTOGENES

Listeria monocytogenes is a Gram-positive, non-spore-forming facultatively anaerobic rod. It is a
facultative intracellular bacterium, with the principal host cell being the macrophage, and hepato-
cytes and epithelial cells are also commonly infected. Numerous virulence factors involved in cell
invasion, intracellular replication, and cell-to-cell spread have been identified. Following phagocytic
uptake, the pore-forming cytolysin listeriolysin O (LLO) is produced and becomes active in the low
pH of the phagosome. LLO promotes rupture of the phagosomal membrane and allows the bacterium
to escape into the more benign and nutrient-rich cytoplasmic environment (2). LLO is a major viru-
lence factor, and in its absence, L. monocytogenes remains in the phagosome and is destroyed by
cellular antimicrobial mechanisms (3). Escape to the phagosome is assisted by phospholipase C mol-
ecules and a lecithinase (4–6).

Within the cytoplasm, the bacteria proliferate readily with a doubling time of approximately 1 h.
After 2–3 h, the bacteria begin to migrate to the periphery of the cell, utilizing host cell actin for
locomotion, mediated by the actA virulence factor. At the periphery, the bacteria induce the forma-
tion of elongated filopods, which allow bacterial movement to an adjacent cell without leaving the
intracellular environment (7).

Although Listeria is widely prevalent in the environment, listeriosis is rarely a disease in humans
and is most often found in sheep and cattle (3). Outbreaks of listeriosis are most commonly food-borne
(8). The rate of infection is substantially higher in immunocompromised and pregnant individuals.

3. OVERVIEW OF IMMUNE RESPONSE TO L. MONOCYTOGENES INFECTION

The immune response to infection is a highly dynamic and complex process that begins within the
first hours of infection and can continue several days after clearance of the pathogen. It represents a
continuous process involving a wide range of biological processes, many of which are regulated by
cytokines and chemokines. The Listeria model has been a cornerstone in elucidating the processes of
cell-mediated immunity. Following intravenous infection, L. monocytogenes primarily infects mac-
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rophages and hepatocytes. Although L. monocytogenes can readily survive within resting macroph-
ages, bacterial death is rapid once macrophages become activated. Because interferon-γ (IFN-γ) is an
essential mediator of macrophage activation, the ability of the host to produce this cytokine is a
central determinant of the success of the immune response. Listeria infection can be controlled (but
not cleared) by the innate immune response, in a process involving interleukin (IL)-12 and tumor
necrosis factor (TNF) production by infected macrophages and subsequent activation of IFN-γ-pro-
ducing cells such as natural killer (NK) cells (9). However, T-cell activation is required for sterile
clearance of bacteria. Listeria-specific CD4+ and CD8+ T-cells are generated rapidly following in-
fection and can be detected as early as 4 d following infection, with maximal T-cell activity observed
at 5–7 d. As a direct consequence of T cell regulatory and effector function, sterile clearance is
typically observed on d 7–10. CD4+ and CD8+ T-cells activated during L. monocytogenes infection
are overwhelmingly of the Th1/Tc1 variety, characterized by IFN-γ production and essentially no IL-
4 (reviewed in refs. 10–12).

An interesting feature of the immune response to L. monocytogenes is the strong CD8+ T-cell
response (13). The ability of L. monocytogenes to escape from the phagosome to the cytoplasm of
resting macrophages means that bacteria-derived peptides are readily presented on major histocom-
patibility complex (MHC) class I molecules. Indeed, CD8+ T-cells are considerably more potent than
CD4+ T-cells in controlling L. monocytogenes infection. Aside from these so-called conventional T-
cells, γδ T-cells play a minor role in protection, but are also involved in granuloma formation (14).

4. CYTOKINES AND CHEMOKINES IN INFECTION

The Listeria model has provided a wealth of information about the role of cytokines and
chemokines in the immune response. In vitro and in vivo studies have revealed important information
about the production and role of soluble mediators at all stages of the immune response. In the last 10
yr, the pace of discovery has been greatly accelerated by the application of knockout (KO) mouse
technology. The cytokine response to L. monocytogenes is predominantly of the proinflammatory,
type 1 variety with only a weak type 2 response in evidence (15). In the following text, we will detail
the production and role of the major cytokines and chemokines in the immune response to L.
monocytogenes.

4.1. Cytokines in Listeriosis
4.1.1. Interleukin-1

Interleukin (IL)-1 is a proinflammatory cytokine with a broad spectrum of biological activities.
There are two genes for IL-1 (IL-1α and IL-1β) with very similar biological activities despite sharing
only 26% homology at the protein level. Uptake of L. monocytogenes induces substantial IL-1 pro-
duction by macrophages (16). During listeriosis, there is a significant increase in IL-1 levels in the
spleen and liver (17). The production of IL-1 parallels the kinetics of infection; IL-1 was detectable
24 h following infection, peaked at d 4, and fell away quite rapidly (17).

Interleukin-1 contributes to protection against L. monocytogenes infection. Neutralization of IL-1
in L. monocytogenes-infected mice results in increased susceptibility (17,18), whereas administra-
tion of recombinant IL-1 increases resistance (19). The importance of IL-1 in resistance to L.
monocytogenes infection was recently confirmed using mice deficient in the IL-1 receptor (IL-1R)
antagonist (20). IL-1R antagonist is a cytokine whose function is to inhibit the binding of IL-1 to its
receptor. IL-1R antagonist KO mice were less susceptible to L. monocytogenes infection, whereas
IL-1R-antagonist-overproducing mice were more susceptible (20).

The precise mechanism of action of IL-1 in L. monocytogenes infection is not known. Neutralization
of IL-1 reduces neutrophil accumulation at the site of infection (21), and this may be a major contributor
to the anti-Listeria activity of IL-1 because neutrophils are important effector cells during the early
phase of infection (22). IL-1 enhances the ability of antigen-presenting cells (APCs) to stimulate T-cells
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and is required for the enhanced MHC class II expression on macrophages in L. monocytogenes infec-
tion (21). Expression of interferon (IFN)-γ is not affected by anti-IL-1 treatment and the reduced MHC
class II expression appears to be the result of macrophage unresponsiveness to IFN-γ (9).

4.1.2. IL-4
Interleukin-4 is the prototypic Th2 cytokine and is critically involved in regulation of the Th1/Th2

balance. The normal immune response to L. monocytogenes infection is dominated by a
proinflammatory, Th1 response, and IL-4 is produced only transiently and in small quantities (15).
However, there are some circumstances under which increased IL-4 is produced during L.
monocytogenes infection, and in such cases, the IL-4 may downregulate protective immunity.

Interleukin-4 is produced rapidly following infection of mice with L. monocytogenes. Using a sen-
sitive ELISPOT assay, elevated IL-4 production could be detected as early as 10 min following infec-
tion, but 3 h later the production of IL-4 had returned to baseline levels (23). NK T-cells are the most
likely cellular source of this IL-4. This rapid burst of IL-4 production appears to regulate chemokine
production; the peak of IL-4 production is followed by monocyte chemoattractant protein (MCP)-1
production that can be inhibited by neutralization of IL-4 (23). IL-4 production by NK T cells is rapidly
switched off in response to IL-12 production by L. monocytogenes-infected macrophages (15).

Although only very little IL-4 is produced during L. monocytogenes infection, it may be sufficient
to moderately dampen protective immunity. Neutralization of IL-4 can enhance clearance of L.
monocytogenes in mice (24,25), although this has not been consistently observed (26,27).

However, there are some conditions of L. monocytogenes infection under which higher levels of
IL-4 are produced. For example, in the absence of IFN-γ signaling, substantially increased levels of
IL-4 are observed (28,29). Under these circumstances of increased IL-4 production, the immune-
downregulatory function of IL-4 in L. monocytogenes infection is more apparent. Thus, lethally
infected IFN-γ-receptor-deficient mice can be rescued by treatment with anti-IL-4 antibody and can
completely clear the infection (28). The immune-downregulatory mechanism of IL-4 in these experi-
ments was not fully elucidated, but was associated with decreased tumor necrosis factor (TNF) pro-
duction (28).

4.1.3. IL-6
Interleukin-6 is a multifunctional cytokine involved in many aspects of the immune response.

High levels of IL-6 can be detected in the spleen and bloodstream of mice infected with L.
monocytogenes (30–32). Maximum IL-6 production occurs at d 1–3 following infection. Although
numerous cell types are capable of producing IL-6, the principal cellular source of IL-6 during L.
monocytogenes infection appears to be the macrophage (30,31).

Recombinant IL-6 given as a bolus dose enhances resistance of mice to infection with L.
monocytogenes, whereas mice treated with anti-IL-6 are more susceptible to L. monocytogenes (33).
The requirement for IL-6 in effective resistance to L. monocytogenes was confirmed following the
generation of IL-6 KO mice, as these mice are substantially more susceptible to L. monocytogenes
infection (34,35).

The mechanism by which IL-6 protects is not clear. The protective effect of bolus doses of recom-
binant IL-6 can be abrogated by neutralization of IFN-γ or TNF (33,36), suggesting that the effects of
IL-6 treatment are ultimately mediated by these cytokines. Another possible mechanism of protec-
tion is neutrophil stimulation. Wild-type mice had a prominent neutrophilia within 24 h of infection,
but this was not the case in IL-6 KO mice (35). Furthermore, the protective effect of recombinant IL-6
was not observed in neutrophil-depleted mice (35).

4.1.4. IL-10
Interleukin-10 is produced by a range of cell types including T-cells, B-cells, and APCs (37). The

immunobiology of IL-10 is complex and it has both stimulatory and suppressive actions on the
immune response. However, for immunity to L. monocytogenes, it is generally immunosuppressive.
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In particular, it has a potent capacity to downregulate effector and regulatory functions of monocyte/
macrophages (37), including listericidal activity (38).

Interleukin-10 mRNA is rapidly upregulated following infection with L. monocytogenes (39,40),
and is not significantly regulated by T-cells, because high levels of IL-10 are produced in T-cell-
deficient RAG KO mice (40). Although many cells have the potential to produce IL-10 during L.
monocytogenes infection, the macrophage is the principal source (40).

Treatment of mice with recombinant IL-10 results in a marked reduction in the ability to resist L.
monocytogenes infection (41). Although immunodeficient SCID mice were able to survive L.
monocytogenes infection until d 14, SCID mice treated with recombinant IL-10 died by d 4, with a
profoundly increased bacterial burden.

More meaningful data about the role of IL-10 in L. monocytogenes infection have been obtained
from studies utilizing neutralizing anti-IL-10 antibodies or IL-10 KO mice. IL-10 KO mice were
substantially more resistant to L. monocytogenes infection than wild-type mice (42). As early as d 2,
a 10-fold reduction in bacterial load was found in the IL-10 KO mice, and these mice cleared the
infection several days earlier than did the wild-type mice. Several factors could explain the increased
resistance of IL-10 KO mice. First, peritoneal cells from L. monocytogenes-infected IL-10 KO mice
produce much higher levels of inflammatory cytokines, including IL-12, IFN-γ, TNF, IL-1α, and IL-
6 in response to stimulation with heat-killed L. monocytogenes. Second, a stronger Th1 polarization
has been observed in the IL-10 KO mice, as determined by increased IFN-γ production from anti-
CD3-stimulated CD4+ and CD8+ T-cells (42). CD4+ T-cells from KO mice also produced less IL-4
in response to anti-CD3. However, the T-cell response of wild-type mice is almost entirely of a Th1
nature (15) and the importance of this latter finding for L. monocytogenes infection is doubtful.

Treatment of L. monocytogenes-infected mice with neutralizing anti-IL-10 antibody at the time of
infection resulted in enhanced bacterial clearance early during infection (43,44), thus confirming the
results with the KO mice. However, during the later stages of infection, the clearance of bacteria in
the anti-IL-10 treated mice was actually delayed compared with that of control mice (43). In this
experiment, anti-IL-10 was only given once, at the time of infection, and this may explain the results
at later time-points.

Finally, IL-10 is involved in the increased susceptibility of neonatal mice to L. monocytogenes
infection. Following infection of adult and neonatal mice with LD90 L. monocytogenes, neonatal
mice produced much higher levels of IL-10 (44). Neutralization of IL-10 markedly improved resis-
tance of neonatal mice, compared with the moderate effect of anti-IL-10 in adult mice. Thus, the
increased susceptibility of neonates to L. monocytogenes infection may be at least partly explained
by overproduction of IL-10.

4.1.5. IL-12
Interleukin-12 is a critical cytokine in the development of protective IFN-γ responses during

infection with intracellular bacteria. IL-12 production typically occurs early during L. monocytogenes
infection and does not require T-cells (45). Production of IL-12 is predominantly by macrophages
and is induced following infection with live bacteria, as well as in response to bacterial products such
as lipoteichoic acid (46) and bacterial DNA (47). IL-12, together with TNF, is an essential factor in
inducing NK cell production of IFN-γ (48). Although IL-12 is clearly produced in large amounts by
infected macrophages, the earliest source of IL-12 may be dendritic cells (DCs), which express IL-12
p40 mRNA as early as 3 h following infection of mice with L. monocytogenes (49).

The importance of IL-12 in IFN-γ-mediated protection against L. monocytogenes has also been
demonstrated in vivo. Neutralization of IL-12 in both immunocompetent and SCID mice exacerbated
infection and converted a sublethal infection to a lethal one. This was associated with decreased I-Ad

expression and increased bacterial burden. These effects could be reversed by concomitant treatment
with IFN-γ, suggesting that IL-12 regulates IFN-γ production in vivo via a pathway similar to that
already described in vitro (48). Similar results were obtained with IL-12 p35 KO mice. IFN-γ produc-
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tion in the response of these mice to L. monocytogenes infection was impaired and they were conse-
quently unable to control infection as efficiently as wild-type mice (50).

4.1.6. IL-13
Interleukin-13 is a Th2 cytokine sharing a number of functions with IL-4 (51). Flesch et al. (52)

investigated the effect of recombinant IL-13 on the course of L. monocytogenes infection. Although
IL-13 is typically considered to downregulate cell-mediated immunity in much the same way as
IL-4, treatment of mice with IL-13 protected the mice from L. monocytogenes challenge. This was
associated with an increased number of IL-12-producing cells early in infection and increased NK
cell activity. Evidence from other model systems indeed suggests that IL-13 can activate phagocytes
in the absence of inflammation. This could represent the underlying mechanisms of antilisterial effects
of IL-13 treatment.

4.1.7. IL-15
Interleukin-15 is a cytokine sharing considerable biological activity with IL-2, although it has a

considerably broader pattern of cellular expression. Following oral L. monocytogenes infection, IL-
15 is produced rapidly (within 24 h) by intestinal epithelial cells and may stimulate IFN-γ production
by intraepithelial lymphocytes (53). This cytokine has been found to promote memory responses in
other systems, and its role in long-term protection against L. monocytogenes remains to be clarified.

4.1.8. TNF
Tumor necrosis factor is a pleiotropic molecule that is required for protective immunity against

intracellular pathogens, but it is also a major mediator of immunopathology (11,54). Macrophages
rapidly produce TNF following infection with L. monocytogenes (55). Similarly, TNF is produced
rapidly in vivo following L. monocytogenes infection. Maximal levels of TNF mRNA and protein
were found 1 d after infection and remained high throughout the course of the infection (56,57). The
macrophage was the principal source of TNF.

Early studies using neutralizing antibodies demonstrated the absolute requirement for TNF for
effective control of L. monocytogenes infection (56,58–60). These results were subsequently con-
firmed using gene-targeted mice deficient in TNF-R1 (61,62) or TNF and lymphotoxin-α (63,64). In
the Listeria model, impaired TNF signaling presents one of the most extreme phenotypes—the mice
are exquisitely susceptible (61,62), with a 500-fold increase in LD50 (65). Signaling through TNF-R1
accounts entirely for the listericidal effect of TNF, because mice deficient in TNF-R2 are as resistant
to L. monocytogenes infection as wild-type (WT) mice (66).

The proposed effects of TNF in L. monocytogenes infection are wide ranging (67–69), but despite
intensive study, the molecular mechanism underlying the critical role for TNF has not been eluci-
dated. Endres et al. (70) conducted an extensive analysis of the immune response in L.
monocytogenes-infected TNF-R1 KO mice, but were unable to explain the extreme susceptibility of
these mice. No difference between WT and TNF-R1 KO mice was found in the following immune
parameters: granulocyte and monocyte influx; oxidative burst formation; expression of inflammatory
cytokines including IL-10, IL-12, TNF, and IFN-γ; activation status of macrophages (70).

Bone-marrow-derived cells are the targets for TNF-mediated listericidal activity. Bone marrow
chimeras prepared by reconstituting irradiated WT mice with TNF-R1 KO bone marrow cells were as
susceptible as TNF-R1 KO mice, whereas irradiated TNF-R1 KO mice reconstituted with WT bone
marrow cells were as resistant as WT mice. Thus, TNF-R1 signaling on bone-marrow-derived cells is
essential for TNF-mediated listericidal activity, whereas TNF-R1 signaling on parenchymal cells is
of minimal importance (70).

4.1.9. IFN-γ
Interferon-γ is essential for controlling infection with intracellular pathogens, including L.

monocytogenes (11,54). Although much attention has been given to the importance of T-cell-derived
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IFN-γ, maximal IFN-γ mRNA expression in the spleens of L. monocytogenes-infected C57BL/6 mice
is seen at d 1–2 and decreases markedly at later time-points (71). The upregulation of IFN-γ follow-
ing infection is extremely rapid; within 1 h, a significant upregulation is observed (72). The source of
IFN-γ during the early phase was assumed to be NK cells, but other cells such as macrophages, DCs,
and NK T-cells may also be involved.

Studies in the SCID mouse model have suggested that NK cells are the major source of early IFN-
γ production. Detailed in vitro studies from the Unanue Group demonstrated the following pathway:
macrophages infected with L. monocytogenes produce a range of cytokines, including IL-12 and
TNF, these acting to stimulate IFN-γ production by NK cells (9).

In recent years, it has become apparent that macrophages and dendritic cells, following appropri-
ate stimulation, are capable of producing significant levels of IFN-γ (73,74). When T-cell-deficient
(Rag-2 KO) mice are infected with L. monocytogenes, early IFN-γ production is not substantially
reduced compared to that seen in normal mice. Traditional thinking was that NK cells were respon-
sible for this early IFN-γ production. However, when NK cells were depleted from L. monocytogenes-
infected RAG KO mice, there was no reduction in IFN-γ production (75). Subsequent in vitro analysis
suggested that both DCs and monocytes were the source of IFN-γ and that production was critically
dependent on IL-12 (75).

Treatment of mice with recombinant IFN-γ protects mice from L. monocytogenes (76), and endog-
enous IFN-γ is essential for effective control of primary infection (77,78). The principal listericidal
function of IFN-γ is considered to be its potent ability to activate macrophages. A critical function of
IFN-γ appears to be its ability to prevent pathogen escape from the phagosome to the cytosol (79).
Escape to the cytosol is considered to be an important pathogen defense mechanism, allowing the
bacterium to avoid the harsh environment of the phagolysosome.

Interferon-γ stimulates numerous potent listericidal mechanisms. In particular, nitric oxide and
reactive oxygen species are important in the control of L. monocytogenes infection (80–82). Both of
these listericidal pathways are crucially regulated by IFN-γ (83).

4.1.10. Osteopontin
Osteopontin is a secreted glycoprotein regulator of inflammation and biomineralization. Mice

deficient in osteopontin are markedly more susceptible to L. monocytogenes infection (84). The
increased susceptibility of osteopontin KO mice is associated with decreased production of IL-12 and
IFN-γ and increased IL-10 production.

4.1.11. Other Cytokines
Recently, a novel cytokine receptor, designated T-cell cytokine receptor (TCCR), was identified

by homology screening (85). Signaling through this receptor is critical for the generation of Th1
immunity, and TCCR-deficient mice are markedly more susceptible to L. monocytogenes infection
than WT mice (85). The TCCR ligand has not yet been identified, but it is clearly important for
resistance to L. monocytogenes.

Interleukin-18 is structurally related to IL-1, but functionally more closely related to IL-12. It is
produced mainly by antigen-presenting cells and acts in synergy with IL-12 for Th1 cell differentia-
tion (86). During infection with the intracellular pathogens Mycobacterium tuberculosis, Salmonella
typhimurium, and Yersinia enterocolitica, IL-18 regulates production of IFN-γ, TNF, and nitric oxide
and contributes to protection (87–89). These results suggest that IL-18 will turn out to be an impor-
tant cytokine during L. monocytogenes infection.

4.2. Chemokines in Listeriosis
Chemokines are small, secreted molecules that exert chemotactic function on certain cell types (90).

Although the production and role of chemokines in L. monocytogenes infection has not been exten-
sively studied, they are clearly important in regulating the immune response to L. monocytogenes.
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Infection of macrophages with L. monocytogenes induces chemokine expression, including mac-
rophage inflammatory protein (MIP)-1α, MIP-1β, MIP-2, KC, interferon-inducible protein (IP)-10,
and RANTES (91). MCP-1 induction was also observed, but only when infected macrophages were
also treated with IFN-γ. Hepatocytes also responded to L. monocytogenes infection with chemokine
production, but produced a more limited range; MCP-1 and KC, but not MIP-2 and MIP-1α (68).
Rapid chemokine induction was also observed following in vivo infection. Within 1–3 h of infection,
mRNA for MCP-1, MIP-1α, MIP-2, KC, and IP-10 was detected in the liver of infected mice (68).

A limited number of studies have focused on specific chemokines in L. monocytogenes infection.
In a number of cases, the biological role of chemokines has been investigated by focusing on their
receptor rather than the ligand.

4.2.1. MIP-1α
Macrophage inflammatory protein-1α is produced in the liver (68) and spleen (90) of L.

monocytogenes-infected mice. Maximal MIP-1α expression in the spleen was detected at d 7, a time
that coincides with maximal T-cell activation. A protective role for CD8+ T-cell-derived MIP-1α
was postulated on the basis of adoptive transfer experiments (92). Following transfer, L.
monocytogenes-immune CD8+ T-cells from MIP-1α KO mice mediate much less protection than
CD8+ T-cells from WT mice. It was postulated that MIP-1α was involved in the homing of CD8+ T-
cells to the site of infection (92).

4.2.2. MCP-1 and CCR2
Macrophage inflammatory protein-1 is a chemokine with potent chemotactic activity for mono-

cytes. It is produced very early following L. monocytogenes infection, and its production is regulated
by NK T-cell-derived IL-4 (23). MCP-1 signals through the CCR2 chemokine receptor. CCR2 KO
mice are extremely susceptible to L. monocytogenes infection, and this may be a result of a failure to
induce macrophage migration into the site of infection (93). This indicates a potentially important
role for MCP-1 in resistance to L. monocytogenes infection, although it should be noted that there are
numerous other ligands for CCR2 besides MCP-1, including MCP-2, 3, 4, and 5 (90).

Paradoxically, transgenic mice expressing MCP-1 under the control of the mouse mammory tumor
virus long terminal repeat (MMTV-LTR) were also more susceptible to L. monocytogenes infection,
despite having very high levels of MCP-1 production (94). It was hypothesized that this may have
been the result of desensitization of circulating monocytes to MCP-1 (95).

4.2.3. CCR5
The CCR5 chemokine receptor binds MIP-1α, MIP-1β, and RANTES, all of which are produced by

L. monocytogenes-infected macrophages (91). CCR5 KO mice are mildly impaired in their ability to
resist L. monocytogenes (96). It should be noted that these results do not preclude a more important role
for MIP-1α and RANTES, as these chemokines can signal through receptors in addition to CCR5 (96).

4.2.4. IL-8
Interleukin-8 is a chemokine involved in neutrophil recruitment and is released by L.

monocytogenes-infected neutrophils (97). Mice deficient in the IL-8 receptor homolog exhibit an
unusual response to infection with L. monocytogenes. The mice showed enhanced resistance to L.
monocytogenes infection during the early phase (d 1–4) of infection. However, some of the KO mice
suffered from an inability to fully clear the infection (98).

4.2.5. ATAC/Lymphotactin
Activation-induced, T cell-derived, and chemokine-related cytokine (ATAC) (lymphotactin) is

the sole member of the C class of chemokines and exhibits chemotactic activity for CD4+ and CD8+
T-lymphocytes (99). We have recently examined expression of this molecule in L. monocytogenes
infection and found that it is strongly produced by NK cells and CD8+ T-lymphocytes (100).
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5. CONCLUSIONS

The mouse model of listeriosis has been a cornerstone for studies into the role of soluble mediators
in cell-mediated immunity. In this chapter, we have attempted to summarize current knowledge about
cytokines and chemokines in listeriosis. It is obvious from the discussion that numerous cytokines
participate in the regulation and expression of the immune response against L. monocytogenes. Thus
far, three major approaches have been employed, namely, (1) bolus administration of recombinant
cytokines, (2) depletion of cytokines using either neutralizing antibodies or by gene knockout tech-
nology, (3) determination of cytokines by enzyme-linked immunosorbent assay and EliSpot assay, or
by polymerase chain reation assays. These approaches have led to the identification of a large num-
ber of cytokines and chemokines during listeriosis. However, it is likely that the picture remains
incomplete. In particular, depletion of, and treatment with, individual cytokines does not reveal at
which stage of infection the particular cytokine is induced and becomes functional. A more global
approach is required, which can now be achieved by transcriptome analysis (101). Cytokine and
chemokine microarrays will provide an excellent tool for such studies and provide new insights into
the intricate crosstalk of the cytokine/chemokine repertoire involved in the immune response.
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Regulation of Cytokines and Chemokines in Human

Mycobacterium tuberculosis Infection

Zahra Toossi and Jerrold J. Ellner

1. INTRODUCTION

Tuberculosis (TB) continues to scourge mankind with a mortality of approx 3 million and an
incidence of 10 million new cases each year (1). One-third of the world population is infected with
Mycobacterium tuberculosis (MTB), which signifies both the success of this intracellular pathogen
in the establishment of infection in humans and the lack of effective available means of prevention of
infection. A complete understanding of the interface of MTB with the human immune response is
critical to the development of immunotherapies and effective vaccines in the fight against TB.

Recent research indicates that intense cytokine and chemokine responses ensue upon MTB infec-
tion of the primary cell type targeted by the pathogen, human alveolar macrophages. Subsequent to
infection, the innate immune response comprised of newly recruited white blood cells and both
proinflammatory and anti-inflammatory cytokines is initiated in situ. As the local immune response
matures, the cellular constituents and the cytokine and chemokine profile of the tuberculous lesion
change over time. The full development of anti-MTB immune responsiveness, which involves T-
cells, a Th1 cytokine profile, and macrophage activation, finally allows the control of MTB infection
in 95% of infected individuals (2). However, ultimately in a small group (5%) of those who have
mounted effective anti-MTB immunity, mechanisms of immunosurveillance against MTB are lost,
resulting in active TB (reactivation TB). Dysregulations of cytokines and chemokines during active
TB and at sites of MTB infection have been documented, which correlate with the intensity of MTB
infection and the advancement of disease (3). However, these features of active TB further under-
scores the role of a coordinated immune response in the success of containment of MTB infection.

This chapter summarizes data accumulated over recent years on cytokine and chemokine responses
induced by MTB, their cross-regulation at sites of infection, and their role in containment of MTB
infection. Further, the significance of cytokine and chemokine dysregulation in pathogenesis of TB are
described, and a potential role for immunotherapies to fortify or inhibit particular responses is defined.

2. INDUCTION OF CYTOKINES AND CHEMOKINES
DURING PRIMARY MTB INFECTION

Mycobacterium tuberculosis induces immune cells to produce cytokines and chemokines through
both phagocytic and nonphagocytic interactions and through a multitude of mycobacterial protein and
nonprotein moieties. Autoinduction and amplification loops allow the  predominant expression of a
group of molecules at sites of MTB infection that varies at different time-points. Functionally,
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cytokines and chemokines may either act in synergy or antagonize one another. However, at any stage
of infection, the balance of macrophage-activating versus macrophage-deactivating molecules may
impact on the balance between containment versus extension and dissemination of MTB infection.

The recruitment of blood mononuclear and polymorphonuclear (PMN) cells that mediate inflam-
mation and, ultimately, are important to the development of protective immunity at sites of MTB
infection is orchestrated by chemokines (4). Specifically, interleukin (IL)-8 (5), monocyte
chemoattractant protein-1 (MCP-1) (6), and growth-related gene product (GRO)-α (7,8) are promptly
induced by MTB in alveolar macrophages and allow the recruitment of PMN cells, monocytes, natu-
ral killer (NK) cells, and γδ T-cells. The recruited PMN and mononuclear cells generate secondary
waves of chemokines once exposed to MTB and its products in situ. For example, MTB induces
PMN cells to release IL-8, GROα-, and MCP-1 (9,10). However, it is of note that on a per cell basis,
monocyte/macrophages produce more chemokines than PMN cells. Thus, the evolution of the
chemokine profile in situ may be mainly determined by the profile of molecules induced by MTB in
newly recruited monocytes and alveolar macrophages. It appears that in comparison to other β-
chemokines, MCP-1 is preferentially induced by MTB in macrophages (6). Further, amplifying loops
may lead to excess production of certain chemokines. For example, the release of MCP-1 and IL-8,
but not macrophage inflammatory protein (MIP)-1α, was induced by tumor necrosis factor (TNF)-α
(11,12). Therefore, the expression of TNF-α, which is documented to occur during all stages of MTB
infection (13), provides a mechanism for continuous recruitment of monocytes and PMN cells to
tuberculous lesions.

A prominent feature of MTB infection, which likely is important in the pathogenesis of TB, is the
profuse induction of proinflammatory cytokines in monocyte/macrophages (11) and PMN cells. Early
studies indicated that purified protein derivative (PPD) of MTB induces the proinflammatory
cytokines interleukin (IL)-1β and TNF-α (14,15) in monocyte/macrophages. Importantly, major
secretory components of actively replicating MTB, such as the 30-kDa antigen (16) and the 58-kDa
antigen (17), and mycobacterial cell wall lipoarabinomannan (LAM) (18), strongly induce TNF-α.
Interestingly, the 30-kDa antigen is a fibronectin-binding protein (19), and its interaction with
fibronectin enhances the production of TNF-α by monocytes (16). Other antigens of MTB (17) also
induce TNF-α and IL-1β. Other proinflammatory cytokines, such as IL-6 and granulocyte–macroph-
age colony-stimulating factor (GM-CSF), are also induced by MTB and its components. In addition,
MTB strongly induces the expression of IL-12 in mononuclear phagocytes, which is critical to the
development of a Th1 response (20).

However, mechanisms to turn off in situ MTB-induced inflammation are also operative early on,
in part secondary to the effects of the inflammatory cytokines themselves and partly induced by MTB
and its components. For example, IL-10 is induced in response to TNF-α, and by MTB (22,23). Further,
MTB (24) and its cell wall LAM (25) are potent inducers of transforming growth factor (TGF)-β. The
effect of LAM on induction of TGF-β appears to be dominant over induction of the proinflammatory
cytokines (TNF-α, IL-1β, and IL-6), and IL-10 (25). Recently, mycobacterial 30-kDa antigen also has
been shown to induce TGF-α (Hirsch, unpublished data). Further, through binding and activation of
plasminogen (26), MTB may also be involved in conversion of latent (L) TGF-β to the bioactive form
of this cytokine (27). However, in addition to being anti-inflammatory cytokines, IL-10 and TGF-β, are
also macrophage deactivating and suppressive of T-cell responses (28).

With the recruitment of NK cells, γδ T-cells, and, finally, αβ T-cells to sites of MTB-infection, an
MTB-directed immune response appears and gradually strengthens  in situ, in which the Th1
cytokines, IL-2 and interferon (IFN)-γ are expressed. In animal models of MTB infection, infiltration
by CD4 and CD8 cells and the development of Th1 response is coincident with the disappearance of
active MTB replication and establishment of MTB latency (29). IL-2 is critical to the clonal expan-
sion of MTB-reactive T-cells, and IFN-γ activates macrophages against MTB (11). In humans, evi-
dence for a definitive role for Th1 cytokines in the containment of mycobacterial diseases derives
from fatal mycobacterial infections seen in subjects lacking genes for IFN-γ receptor (R) (30) or IL-
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12R (31). Once matured, the Th1 response counteracts macrophage deactivation by molecules such
as TGF-β and IL-10, which are already present  in situ, and, finally, control of MTB replication
becomes possible. Lack of IL-4 at sites of primary MTB infection (32) undermines a role for Th2
cytokines in cross-regulation of the developing Th1 response.

3. DYSREGULATIONS OF CYTOKINES AND CHEMOKINES
DURING ACTIVE TB AND AT SITES OF MTB INFECTION

Dysregulation of cytokine networks during TB involve both depressed TH1 cytokines and exces-
sive production of monocyte cytokines. Both  in vivo and  in vitro evidence support the contention
that patients with active pulmonary tuberculosis are suppressed in cell-mediated immune responses
to antigens of MTB. Delayed-type skin test reactivity to PPD is lost in 17–25% of patients, and about
60% have low T-cell blastogenic responses to PPD. Low T-cell responses correlate with skin test
anergy and the severity of pulmonary TB (11,33). The Th1 cytokines (IL-2 and IFN-γ), responses are
blunted in response to MTB in patients with active pulmonary TB (11), but remain strong in
paucibacillary TB (34). The low production of IFN-γ is associated with lower responsiveness to IL-12
(35) and decreased expression of IL-12R (36). On the other hand, the stimulated release of TNF-α
(37), IL-1β (15),  and IL-6 (37) in blood mononuclear cells from TB patients are upregulated during
active TB. Monocytes from patients with active TB express TGF-β spontaneously and have an
enhanced capacity to produce this cytokine upon in vitro stimulation by products of MTB (33, 38).
Abrogation of TGF-β both by neutralizing antibody and by natural inhibitors corrects low MTB-
induced T-cell responses (33,39). Also, expression of both IL-12 and IL-12R (35,36) improve upon
neutralization of TGF-β. On the other hand, MTB antigen-induced IL-10 levels were either similar
(33) or only slightly elevated (40) in cultures of peripheral blood mononuclear cells (PBMCs) from
patients with tuberculosis as compared to healthy PPD skin test reactive subjects. However, in both
studies the antibody to IL-10 corrected low T-cell responses of patients. These data suggest either a
greater sensitivity of T-cells from TB patients to IL-10 or cooperativity between cytokines in modu-
lation of Th1 responses. Interestingly, whereas high TGF-β and IL-10 production by mononuclear
cells from TB patients corrects by the third month of antituberculous chemotherapy, a more sustained
defect in production of IFN-γ can be observed (40), suggesting a possible primary T-cell defect dur-
ing TB. Recent studies indicate that during TB, both CD4 and non-CD4 cells undergo apoptosis (41).

Studies of human mononuclear cells from sites of active MTB infection are less frequent but very
helpful in understanding the role of cytokines and chemokines during the spectrum of MTB infec-
tion. For example, increased production of TNF-α and IFN-γ in pleural fluid and by pleural mono-
nuclear cells from patients with TB pleuritis (34,41) may indicate that this form of postprimary TB,
which is self-resolving and usually smear and culture negative (in the human immunodeficiency
virus [HIV]-uninfected host) at the time of diagnosis, is associated with a successful, although not
complete, anti-MTB immune responsiveness in situ. On the other hand, a greater frequency of IFN-
γ producing cells in broncho-alveolar lavage (BAL) of patients with pulmonary TB as compared to
healthy PPD reactive subjects in the face of a similar capacity to produce this cytokine (42) most
likely indicates a relative suppression of the function of MTB reactive T-cells in situ during TB. In
support of this, lower IFN-γ responses of bronchoalveolar cells (BACs) from a limited number of TB
patients improved upon treatment of TB (43). Furthermore, administration of IFN-γ to a limited
number of subjects with drug-resistant TB proved to be beneficial (44). However, production of
“adequate” amounts of IFN-γ may be only one of several components contributing to successful anti-
MTB responses in vivo. Another macrophage-activating cytokine, TNF-α, is increased in BAL fluid
from TB patients (43). On the other hand, in contrast to previous studies in which no (42) or variable
amounts (43) of TGF-β were found in the BAL fluid of TB patients, an augmentation of TGF-β
activity in BAL fluid of TB patients as compared to healthy subjects has been recently described (45).
More studies, however, are needed to clarify the role of TGF-β at sites of MTB infection. Whether
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the immunopathogenesis of reactivation TB in humans involves an in situ shift of Th1 to Th2 cytokine
production is not known. However, excess expression of Th2 cytokines by blood cells is not a feature
of pulmonary (33) or lymph node TB (46).

Recent studies have also characterized dysregulations in patterns of chemokines at sites of MTB
infection. For example, MIP-1α is limited, but MCP-1 is excessive in pleural fluid of patients with
pleural TB, regardless of HIV infection (47). The same pattern can be seen in the BAL fluid of
patients with pulmonary TB (6). Excessive IL-8 activity has been also found in the BAL fluid from
TB patients (48). However, the significance of these chemokine imbalances in the pathogenesis of
TB is not yet clear.

Histopathological studies of tuberculous lesions from patients with TB have established associa-
tions between the architecture of tuberculous granuloma and in situ cytokine and chemokine expres-
sion. For example, expression of GM-CSF, TNF-α, and IL-8 by granulomas correlate with the
presence of florid granulomatous lesions, the absence of central necrosis, and the presence of neutro-
phil infiltration (49), respectively. On the other hand, TGF-β, but not TNF-α or IFN-γ, has been
identified in lung lesions of patients with active TB (50), in association with Langhans’ giant cells
and epithelioid cells (38) . However, excess TGF-β in situ may reflect the stage of the granulomatous
response, as observed in MTB-infected mice (51).

Recent studies have indicated that the cytokine profile may vary according to the clinical form of
TB. For example, whereas IL-10 was found to be the predominant macrophage-deactivating cytokine in
the BAL fluid of children with miliary TB, TGFβ was found to predominate in children with pulmonary
TB (32). Also, the frequency of circulating CD4 and CD8 mononuclear cells expressing IL-4 was higher
in cavitary as opposed to noncavitary TB (52), indicating a possible role for Th2 responses in tissue
destruction. Other studies indicate that genetic polymorphisms of cytokine responses may also influ-
ence the form of TB (53). However, the influence of disease severity on capacity of expression of TH1
cytokines by blood mononuclear cells in vitro has been well documented (33,54).

4. CROSS-MODULATION OF CYTOKINE EXPRESSION
AND ACTION IN MTB INFECTION

Interactive stimulatory and/or inhibitory pathways established between cytokines or chemokines
may result in potentiation or attenuation of the effects of each molecule on immune responses. As
noted earlier, cytokines and chemokines may regulate their own production or the production of one
another by the creation of amplification loops. Cytokines such as TNF-α (55) and TGF-β (27)
upregulate their own production, thereby allowing a mechanism for predominance over other
cytokines. Also, they may synergize or counteract the effects of one another, thus assuring the expres-
sion of a particular immunologic event at a time in situ. However, the interaction of cytokines and their
net balance with regard to macrophage activation (or deactivation) and immune stimulation (or sup-
pression) ultimately determines the success of the host immune response at sites of active infection.

The interaction of TGF-β and IL-12 in the regulation of MTB-induced IFN-γ production of PBMCs
from patients with pulmonary TB and by MTB has been recently investigated extensively. Expres-
sion of both IL-12 p40 and p35 mRNA in response to MTB was suppressed by TGF-β (35). However,
TGF-β also interfered with the activity of IL-12 in the enhancement of MTB-induced IFN-γ mRNA
expression and cytokine production (35). In PBMCs of TB patients, the main effect of TGF-β on
IL-12 appeared to be counter to the action of IL-12-induced IFN-γ production in response to MTB
(35). This may be the result of TGF-β-mediated modulation of IL-12R (36).

 A regulatory role for interleukin IL-12 in the production of TGF-β has been suggested, but remains
controversial. In the human cell lines K562 and A549 and in primary human monocytes and mac-
rophages, exogenous IL-12 downregulates TGF-β mRNA expression (56). Other monocyte/mac-
rophage cytokines, including IL-10, TNF-α, IL-1β, or IL-6, do not affect TGF-β expression (Toossi,
unpublished data). Further, the effect of IL-12 on TGF-β expression appears to be mediated through
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modulation of TGF-β promoter (56). Thus, the critical role of IL-12 in the early activation of the
immune response to MTB may include down-modulation of TGF-β gene activity.

An amplifying interaction of TGF-β and IL-10 on MTB-stimulated production of IFN-γ has been
described that may impede Th1 responses during MTB infection. Both exogenous IL-10 and TGF-β
independently suppress the production of MTB antigen-induced IFN-γ in human mononuclear cells
(23). However, synergistic suppression of IFN-γ in cultures containing both rTGF-β and rIL-10 was
only seen when the responder cell population was enriched for monocytes and when cells were pre-
treated with rTGF-β but not with rIL-10. Also, neutralization of both endogenous TGF-β and IL-10
enhanced PPD-induced IFN-γ in PBMC in a synergistic manner. Further, TGF-β induced monocyte
IL-10 production but not IL-10R expression. At sites of active MTB infection, these interactions may
be conducive to suppression of TH1 responses. (See Fig. 1.)

5. CYTOKINE IMMUNOMODULATION IN TB

Several pilot studies have investigated the potential use of immunotherapies in TB; however, no
large clinical studies have been performed to address the usefulness of cytokine immunotherapies in
TB. To date no immunotherapy directed at modulation of chemokine responses has been reported
likely because the biological profile of these molecules are still largely unknown.

The rationale for inhibition of TGF-β during TB is based on the excessive activity of this immuno-
suppressive/macrophage-deactivating cytokine systemically and at sites of MTB infection. It appears
that a vicious cycle is created in situ, in which MTB replication and TGF-β production in tissues
augment one another. In addition, autoinduction assures excess activity of TGF-β. To a certain extent,
the lack of a rapid expression of protective responses (IFN-γ and IL-2) at sites of active MTB infec-
tion in patients who are receiving antituberculous chemotherapy may be explained by excess TGF-β.
In other diseases, sustained and excessive production of TGF-β is clearly associated with extensive
fibrosis and tissue damage (57). Fibrosis and cavity formation are features of active TB (2). Thus,

Fig. 1. Model of cytokine and chemokine production by mononuclear cells at sites of M. tubercu-
losis (MTB) infection. MTB-infected alveolar macrophages (AM) produce chemokines (e.g., IL-8,
MCP-1). Recruitment by chemokines (empty arrow) of polymorphonuclear cells (PMN), monocytes
(MN), natural killer cells (NK), and, eventually, CD4 and CD8 cells to MTB infected sites of infec-
tion is associated with cytokine production (black arrow). Amplification (+) and inhibition (–) loops
between cytokines and chemokines occur. IFN-γ produced by all classes of lymphocytes ultimately
limits MTB growth.
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immunotherapies based on inhibition of production and/or action of TGF-β may be particularly help-
ful as adjuncts to antituberculous chemotherapy in tuberculosis. The natural inhibitors of TGF-β
(decorin and LAP) act by binding to the bioactive, mature, form of TGF-β and thus reduce the
bioavailability of TGF-β. These natural inhibitors of TGF-β were effective in the restoration of MTB
antigen-induced T-cell functions in patients with pulmonary TB and in enhancing MTB growth con-
tainment by monocytes of healthy subjects (39). More recently, we also examined the activity of
systemic leukocyte alkaline phosphatase (LAP) administration on local immune responses of mice
infected by BCG by aerosolization and found that LAP treatment improved IFN-γ expression and
decreased MTB growth in the pulmonary tissues of these animals (58). However, the TGF-β−inhibi-
tors have not been assessed as immunotherapy in human TB.

The basis for the use of anti-inflammatory agents, such as corticosteroids, as adjuncts in the man-
agement of patients with TB is the notion that excess TNF-α may be involved not only in the tissue
destruction (59), and therefore organ dysfunction, but also in enhancement of MTB replication (60).
The mechanism of action of corticosteroids is through activation of nuclear glucocorticoid receptors,
which then can form close physical association with nuclear factor-κB (NF-κB), which upregulates
the transcription of TNF-α (61). Another mechanism may be through upregulation of production of
the cytoplasmic inhibitor of NF-κB, I-κBα (62). Other agents that can transcriptionally inhibit TNF-
α are thalidomide (63) and pentoxyfylline (64). A recent controlled study indicated that thalidomide
when added to antituberculous regimen for 2–3 wk not only improved the systemic symptoms and
weight gain of patients with pulmonary TB but also increased their T-cell responses to MTB (65).

Use of exogenous Th1 cytokines in the immunotherapy of TB has also been assessed recently.
Administration of recombinant IFN-γ to a group of HIV-uninfected patients with disseminated Myco-
bacterium avium disease that was refractory to chemotherapy was found to be beneficial (66). In
another mycobacterial disease, leprosy, IFN-γ decreased the bacillary burden but was associated with
a high incidence of untoward side effects (67). IFN-γ has been successfully used in the treatment of
an immunocompromised patient with MDR tuberculosis (68). A small trial of aerosolized IFN-γ in
patients with drug-resistant TB showed that treatment was well tolerated and associated with clinical
and microbiologic improvements (44). However, the usefulness of IFN-γ in the immunotherapy of
TB awaits the completion of larger studies. Precedence for enhancement of antimycobacterial immune
response employing IL-2 comes from studies using recombinant IL-2 in leprosy (69). In a recent
study, low-dose recombinant IL-2 was administered to patients with drug-sensitive and drug-resis-
tant TB (70). Minimal side effects were observed and improvement in both clinical and microbio-
logic parameters were noted. Further, an increase in the size of the tuberculin skin test and
enhancement of T-cell responses in the group who responded clinically to IL-2 were observed. Again,
the use of IL-2 in clinical TB awaits data from already completed studies (Johnson, unpublished).
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1. INTRODUCTION

Mycobacteria other than M. tuberculosis and M. leprae are potentially pathogenic environmental
micro-organisms (1). Nontuberculous mycobacteria (NTM) comprise an increasing number of spe-
cies (2). Because of improved methods of isolation and cultivation, and to more refined diagnostic
methods such as 16SrRNA sequencing (3,4), more than 50 hitherto uncharacterized new species
have been discovered in the past two decades. In most diagnostic laboratories, the most prevalent,
clinically relevant nontuberculous species isolated is M. avium, but M. kansasii, M. genavense, M.
xenopi, and M. abscessus also occur with relative frequency (5,6). Many species (M. avium, M.
scrofulaceum, M. malmoense) primarily cause lymphadenitis, particularly in children (7); some spe-
cies (M. kansasii, M. avium, M. intracellulare, M. malmoense, M. xenopi) are mostly found in pul-
monary disease (1,7). Disseminated infections have most frequently been described with M. avium,
M. kansasii, M. genavense, M. malmoense, and M. celatum (8).

In view of the fact that encounter with these ubiquitous species is unavoidable, they relatively
rarely cause disease. Some apparently immunocompetent hosts develop localized infections, for the
most part at the port of entry or the draining lymph node, but further spread is arrested although the
mycobacteria are not eliminated. Typical patients affected by this entity are children with lymphad-
enitis and older women with bronchopneumonia (7,9–12). More frequently, these opportunistic my-
cobacterial species cause endobronchial disease on the basis of pre-existing pulmonary disorders,
such as chronic obstructive pulmonary disease, bronchiectasis, or chronic bronchitis because of smok-
ing (11,13,14). Thus, a local disturbance in innate mucosal defense systems seems to be a necessary
prerequisite not only for colonization but also for locally invasive disease with a chronic inflamma-
tory component.

Disseminated disease with NTM occurs whenever T-cell-mediated macrophage activation is se-
verely compromised, e.g., during high-dose immunosuppression, idiopathic CD4+ lymphocytopenia,
or, most prominently, during advanced-stage acquired immunodeficiency syndrome (AIDS), where
a drop of CD4+ T-cells below 50/mm3 is in up to 50% of cases accompanied by disseminated M.
avium or M. genavense infection (15–18). The realization that a defect along the T-cell–macrophage
activation axis (see Fig. 1) invariably leads to disseminated NTM infection made researchers postu-
late that at least some of the cases of disseminated NTM disease without evidence of human immu-
nodeficiency virus (HIV) infection might be accounted for by a genetically determined
immunodeficiency affecting this axis. The search for these genetic predispositions has been highly
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successful in human patients, and microsatellite mapping and subsequent sequencing of candidate
genes has revealed a number of loss-of-function mutations in the interleukin-12/interferon-γ (IL-12/
IFN-γ) pathway of macrophage activation (19). A parallel and converging approach has been to use
the mouse model of infection, because it shares many properties of disease progression and immuno-
pathology (20–22). In particular, experimental infection with NTM in gene-deficient (knockout [KO])
mice has been a useful tool to characterize the pathogenesis of disseminated disease and to generate
new candidate genes that may be defective in patients with no currently known immunodeficiency.

2. LESSONS FROM MACROPHAGES IN VITRO:
FIRST CLUES IN A COMPLEX RESPONSE

2.1. Cytokines
In a reductionist approach to identifying cytokines and chemokines that may be involved in the

control of NTM infections, numerous investigations have focused on the consequences of infection
in macrophages in vitro, using M. avium as the most commonly occurring, clinically relevant NTM
species. For instance, IL-2, IL-7, and macrophage colony-stimulating factor (M-CSF) were shown to
reduce mycobacterial replication under specific conditions (23–25), and IL-12 was demonstrated to
stimulate natural killer (NK) cells, which, in turn, activate macrophages to inhibit intracellular growth
of M. avium (26). Most of the in vitro studies, however, have yielded highly controversial results. For
example, the addition of tumor necrosis factor (TNF), interferon -γ (IFN-γ) or granulocyte–macroph-
age colony-stimulating factor (GM-CSF) was found to have mycobacteriostatic or mycobactericidal
effects in some studies, whereas it had no effect in others (23,27–30). Similarly, IL-6 and neutraliza-
tion of IL-10 were reported to have either growth-enhancing properties or no effect on M. avium
replication (27,31–34).

Fig. 1. Cytokine regulation of antimycobacterial immune responses. Macrophages (Φ) are the major host
cells for mycobacteria. Cytokines induced during infection with mycobacteria initiate intracellular signals fol-
lowing interaction with specific receptors. Infected macrophages secrete IL-6, IL-12 (a heterodimer of p35 and
p40 chains), and IL-18 that act as costimulators for T-cells that bear cytokine-specific heterodimeric receptors.
Activated T-cells secrete IL-2, which is an autocrine growth factor. Effector T-cells produce IFN-γ, the central
macrophage-activating cytokine, that binds to IFN-γR1 and generates intracellular signals via IFN-γR2. Effec-
tor T-cells also secrete granulocyte–macrophage which activates macrophages. Tumor necrosis factor is pro-
duced both by T-cells and macrophages and stimulates macrophages mostly through TNFRI. IL-10 derived
from macrophages suppresses T-cell effector functions.
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These highly discrepant results may be explained by the inherent difficulties in standardizing this
type of experiment. In particular, the timing of exposure of macrophages to stimulating and inhibit-
ing cytokines often determines the ultimate effect on macrophage function; this is particularly true
for TNF, IFN-γ, and IL-10 (35–38). M. avium downregulates the expression of IFN-γ receptors and
thereby presumably modulates the macrophage response to IFN-γ (39). Furthermore, the choice of
host cell and the differentiation state of the host cell (cell line, primary monocyte or macrophage, in
the case of human cells: the choice of donor) and the choice of NTM organism (virulent or avirulent
strain, hemolytic or nonhemolytic, smooth opaque, transparent, or rough morphotype) all critically
influence the cytokine profile induced or the susceptibility to cytokine stimulation (40–46). The
intramacrophage signaling cascades regulating distinct cytokine profiles induced by different species
and morphotypes of NTM are only beginning to be uncovered (47,47a). It is important to emphasize
that in in vitro culture, macrophage activation often leads to secretion and accumulation of TGF-β1,
nitric oxide (NO), and prostaglandin E2 (PGE2) (48–50). These mediators may modulate the secre-
tion of other cytokines and thereby determine the extent of intracellular parasitism (50,51). Similarly,
IL-6 antagonizes TNF-induced mycobacteriostatic activities in macrophages (52) and suppresses T-cell
responses (53). In conclusion, direct comparison between published results from different investiga-
tors is extremely difficult, and only few general truths may be distilled from these studies.

One common theme that has emerged from a few studies is that some strains or morphotypes may
replicate less in vivo (in mouse models) or in vitro (in macrophage cultures), because they induce
higher amounts of TNF, IL-12p40, IL-18, IFN-γ, or GM-CSF, which serve to activate the macroph-
age to effectively reduce mycobacterial growth (54–59). This correlation holds true for a number of
M. avium strains, but is by no means valid for all of them and may differ already when mouse or
human macrophages are used as host cells. An example is illustrated in Fig. 2: M. avium strain
TMC724 is highly virulent in mice, but replicates only poorly in human macrophages, yet induces
only small amounts of TNF in these host cells. On the other hand, strain SE01 is intermediately
virulent in mice, but replicates very well in human macrophages despite its capacity to induce large
amounts of TNF. Therefore, there is no simple and direct correlation between cytokine induction/
responsiveness and virulence of different M. avium morphotypes. It appears to be generally true,
however, that TNF does not play a critical role in controlling the growth of avirulent strains, so that
for these strains, other intrinsic, antimycobacterially active mechanisms of the macrophage are more
important (46,47a). However, because of the substantial variability of in vitro studies, the clinical
relevance of whether cytokines are induced in host cells or whether mycobacteriostasis is achieved in
a given culture system remains questionable and more detailed analyses in vivo are required.

A number of studies have sought to shed light on the mycobacteriostatic and mycobacteriocidal
pathways operative in activated macrophages. Apoptosis of host cells, induced by cytokines or other
metabolic products, may restrict intracellular mycobacterial growth (60–62) and prevent the spread
of infection (63). Moreover, IFN-γ-mediated activation of murine macrophages results in acidifica-
tion and maturation of M. avium-containing phagolysosomes (64). In an elegant model system ad-
dressing the question of whether acidified phagolysomes are sufficient to inhibit M. avium growth,
murine bone-marrow-derived macrophages were infected with M. avium and then coinfected with
Coxiella burnetii. The majority of phagocytosed mycobacteria colocalized to the C. burnetii-contain-
ing vacuole, which maintained its acidic properties. In coinfected macrophages, the growth of M.
avium was not impaired following fusion with the acidified vacuole, revealing that acidification of
the phagosome is not sufficient to kill M. avium (65). Practically all strains of M. avium are resistant
to nitric oxide (66), but it is unknown in how far this applies to other NTM species. Enhanced produc-
tion of reactive oxygen intermediates may be relevant in controlling growth of some strains or
morphotypes, but not others (30,67). Nutrient, particularly iron, deprivation within the
phagolysosome is another attractive mechanism by which activated macrophages may inhibit the
growth of certain NTM species (68). Elucidation of the effector pathways by which cytokines regu-
late antimycobacterial activities of the macrophage will remain an important goal in future studies.
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Fig. 2. Complexity of in vivo and in vitro behavior of different M. avium strains. (A) Development of colony-
forming units (cfu) in the liver of immunocompetent C57BL/6 mice intravenously infected with M. avium. The
highly mouse-virulent strain TMC724 (open squares) grows progressively, whereas the intermediate mouse-viru-
lent strain SE01 (filled circles) reaches a plateau. (B) Development of cfu counts in human macrophages infected
with M. avium. Strain TMC724 (open squares) persists but does not multiply, whereas strain SE01 (filled circles)
grows progressively. (C) TNF secretion of human macrophages infected 20 h previously with M. avium at indi-
cated multiplicities of infection (MOIs). The low-replicating strain TMC724 (white bars) induces low-level TNF
secretion, whereas the highly replicating strain SE01 (black bars) induces high-level TNF production.

Finally, some diagnostic and therapeutic applications that have emerged from in vitro macrophage
stimulation are worth mentioning. In several studies involving patients with localized M. avium
infections, mycobacterium-stimulated peripheral blood mononuclear cells (PBMCs) produced higher
amounts of IL-10, but lower concentrations of IFN-γ, IL-12, and TNF compared to PBMCs from
healthy controls (69–71). Interestingly, stimulation with IFN-γ, TNF, or GM-CSF resulted in the
increase of intracellular concentration of azithromycin and was associated with significant augmen-
tation of antimycobacterial activity compared with the effects of azithromycin or ofloxacin alone
(72,73). This finding may explain some of the beneficial effects seen in combined immunochemo-
therapy in patients.

2.2. Chemokines
Very few studies have addressed the production of chemokines in response to NTM infection in

vitro. A human alveolar epithelial cell line was found to secrete macrophage chemoattractant protein
(MCP)-1 upon interaction with viable, but not heat-killed M. avium, and this was postulated to pro-
vide a mechanism for recruitment of macrophages to early sites of implantation (74). M. avium infec-
tion of intestinal epithelial cell lines was associated with a delay in IL-8 and RANTES production,
and this finding was interpreted as reflecting an evasion mechanism of M. avium (75). The mycobac-
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terial cell wall component lipoarabinomannan (LAM) was shown to induce expression of MCP-3 in
human monocytes, and this effect was inhibited by IL-10 or IL-13 (76).

Because M. avium is a common opportunistic pathogen in AIDS patients, coinfection studies with
HIV were performed to address the possible cross-regulation of bacterial and viral replication. Follow-
ing infection with M. avium, CCR5 (a coreceptor for HIV entry) expression was increased at both the
mRNA level and on the surface of macrophages. Upregulation of CCR5 by M. avium was not paralleled
by an increase in the T-cell tropic coreceptor, CXCR4 (77). The increased production of TNF, together
with elevated expression of CCR5, provide potential mechanisms for enhanced infection and replica-
tion of HIV-1 by macrophages in M. avium-infected cells and tissues. Consequently, treating M. avium
may inhibit not only the M. avium-induced pathology but also limit the viral burden (78).

3. LESSONS FROM ANIMAL MODELS: MANIPULATING
THE HOST TO CHARACTERIZE PATHOGENETIC PATHWAYS

3.1. IL-12 / IFN-γ Pathway
Most experimental studies on the pathogenesis of NTM have been performed in mice using M.

avium. There is abundant evidence from these experiments, using either gene-targeted mice or
cytokine neutralization/supplementation, that IL-12 (p70) and IFN-γ are crucial mediators in restrict-
ing mycobacterial growth (79–81).

By neutralizing IL-12 activity during different stages of infection, IL-12 was determined to be
involved in the induction but not in the expression of acquired cell-mediated immunity, similar to what
was found for IL-6 (82,83). In particular, IL-12 plays a crucial role in the development of T-cells
capable of producing IFN-γ (84). Thus, treatment of M. avium-infected mice with IL-12 induced CD4+
T-cells with a greater capacity to produce IFN-γ and to confer protection against M. avium (85,86). By
a similar mechanism, IL-12 was found to have adjuvant properties when used in conjunction with
subunit vaccines against M. avium, enhancing, at least initially, the protective efficacy of subunit vac-
cines (87). BALB/c mice were shown to have decreased IL-12 production, and IL-12 therapy resulted in
long-lasting reduction of mycobacterial loads in these mice (88). Following IL-12 administration, there
was also evidence of NK cell activation (84). This mechanism may explain the requirement for IL-12 in
the T-cell-independent pathway of resistance against M. avium present in SCID mice (80).

More recently, mice with targeted mutations in either the IL-12p35 or the IL-12p40 or in both
genes were infected with M. avium. These mice had significantly increased bacterial loads in all
organs examined (85; Ehlers, unpublished data). IL-12p40 KO mice and IL-12-depleted mice also
had dramatically reduced granulomatous infiltration early during infection, but did develop
circumscript granulomas during later stages of infection (79,85; Ehlers unpublished data), although
these contained many foamy macrophages rather than the typical epithelioid cells (see Fig. 3 E,F).
The capacity to form granulomas in IL-12 KO mice may be because IL-18, and possibly other media-
tors such as IL-23, may induce residual levels of IFN-γ (89,90). It is also interesting to note that IL-
12 and IL-18 levels are apparently reduced in the susceptible mouse strain, BALB/c, yet increased in
a resistant mouse strain, DBA/2 (91). Indeed, DNA encoding IL-18 during intranasal infection with
M. avium in BALB/c mice resulted in a significant reduction of the bacterial burden, presumably
because a persistent production of IFN-γ was induced (92).

Adjunctive IL-12 was demonstrated to promote clearance of M. avium in mice induced by che-
motherapy with clarithromycin or rifabutin (93,94). This effect is dependent on endogenous IFN-γ,
but adjunctive IFN-γ itself failed to significantly enhance antibiotic-induced clearance of mycobac-
teria (94).

Neutralization of IFN-γ in mice leads to exacerbation of M. avium infection both in the early T-
cell-independent phase and in the subsequent T-cell-dependent phase (81). Similarly, during long-
term infection, a spontaneously occurring abrupt cessation of IFN-γ production is associated with an
increase in bacterial numbers (95).
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T-Cells within granulomas were directly shown to secrete IFN-γ in murine M. avium infection
(96). In sheep infected with M. paratuberculosis, the lepromatous manifestation is accompanied by
low levels of IFN-γ, whereas in the tuberculoid form, higher levels of IFN-γ are found (97). Exog-
enously administered IFN-γ augmented M. intracellulare clearance in mice, in part by suppressing
production of PGE2 (98). However, virulent strains of M. avium may resist the antimycobacterial
mechanisms induced in IFN-γ-activated granuloma macrophages. Because IFN-γ KO mice were able
to restrict growth of less virulent strains of M. avium, albeit at a higher plateau than wild-type mice,
it was speculated that there may be IFN-γ-independent, yet T-cell-dependent signals required for the
effective control of mycobacterial replication inside macrophages (99).

Mycobacterium avium-infected IFN-γ KO mice are severely deficient in granuloma formation and
show, instead, a highly dysregulated hyperinflammatory response characterized by massive mixed
cellular infiltrations with a high percentage of neutrophils (100; Ehlers, unpublished data) (Fig. 3G,H).
This may be because all mycobacterial infections in IFN-γ KO mice cause a severe remodeling of the
hematopoietic system with significant neutrophilia (101). This increased inflammatory cell influx
may partially be caused by the reduced levels of nitric oxide in these mice. In fact, iNOS KO mice
and mice treated with a pharmacologic inhibitor of iNOS activity show an increased inflammatory
response with increased recruitment of lymphocytes, monocytes, and neutrophils (102,103). Gener-
ally, mice deficient for IL-12 are less severely affected, in terms of overall bacterial load or excessive
inflammatory cell influx, during M. avium infection than IFN-γ KO mice, and succumb to infection
much later than IFN-γ KO mice (100); Ehlers, unpublished data). IL-12 KO mice remain capable of
forming granulomas, albeit in a delayed fashion, whereas mice deficient for IFN-γ completely lack
the capacity to form circumscript mononuclear cell foci (Fig. 3E–H).

Recently, two studies made use of IFN-γ KO mice to investigate whether several newly described
mycobacterial species would also replicate more extensively in vivo when the IFN-γ pathway of
macrophage activation is impaired (104,105). In these studies, M. genavense, M. branderi, M.
celatum, M. xenopi, M. conspicuum, M. malmoense, M. bohemicum, and M. interiectum behaved in a
similar fashion as clinical isolates of M. avium. The either grew progressively or persisted at plateau
levels in the livers and spleens of immunocompetent mice, and their growth was increased in IFN-γ
KO mice. M. heidelbergense and M. intermedium were eliminated in immunocompetent mice, but
persisted in IFN-γ KO mice. M. confluentis and M. lentiflavum were eradicated even in the absence of
IFN-γ, revealing that at least with some nontuberculous species, other predisposing conditions or as
yet unidentified defects, presumably at the macrophage level, must be responsible for productive
infection. Interestingly, nontuberculous mycobacterial species differed widely in their capacity to
induce splenomegaly and lymphadenopathy in IFN-γ KO mice, suggesting that some strains will
cause clinical disease more rapidly than others. This study provides a first experimental basis for the
contention that IFN-γ is a crucial determinant of infection outcome with most, but not all, opportunis-
tic mycobacterial species (104).

3.2. IL-12/IFN-γ-Induced Putative Mechanisms of Bacteriostasis
Nitric oxide (NO) is induced by IFN-γ and was shown to be a critical efector mechanism against

M. tuberculosis infection in mice (106). However, NO is not involved in the bacteriostatic mecha-
nisms of macrophages against M. avium (66,102). In contrast, NO levels induced during the natural
course of infection may even serve to exacerbate M. avium infection by causing suppression of the
immune response. Indeed, iNOS KO mice had increased survival of CD4+ T-cells, higher IFN-γ
levels in the serum, and reduced bacterial loads at 4 mo postinfection (102). NO was shown to regu-

Fig. 3.  (opposite page) Granuloma formation in the liver of immunocompetent and gene-targeted mice.
Mice were infected with highly mouse-virulent strain M. avium TMC724 by the intravenous route. A, B, C, E,
G: Hematoxylin and eosin stain; D, F, H: Ziehl–Neelsen stain. Original magnification: (64×). (A) Well-formed
granuloma 5 wk postinfection in C576BL/6 mice. (B) Disintegrating granuloma with multiple apoptotic cells
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and central necrosis 5 wk postinfection in TNF-RI KO mice. (C,D) Well-formed granulomas 12 wk postinfection
in C57BL/6 mice. All acid-fast bacteria are contained within granulomas. (E,F) Circumscript, well-demarcated
lesions with mostly foamy macrophages (white arrows in E) 12 wk postinfection in IL-12p35/p40 KO mice.
Note several macrophages and Kupffer cells filled with acid-fast bacteria outside of granulomatous lesions
(arrows in F). (G,H) Mixed cellular infiltrations with foamy macrophages and numerous, often eosinophilic
granulocytes (black arrows in G) 12 wk postinfection in IFN-γ KO mice. Note several macrophages and Kupffer
cells filled with acid-fast bacteria outside of diffuse lesions (arrows in H).
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late the number, size, and cellular composition of M. avium-induced granulomas by modulating the
cytokine and chemokine profile within infected tissues, specifically by decreasing TNF, IL-12, IFN-
γ, IL-10, and IP-10 (103).

Oxygen radicals were also proposed to have mycobacteriostatic effects (67). However, the
p47(phox–/–) mouse which is defective in generating reactive oxidants, had bacterial loads similar to
wild-type mice and normal granuloma formation and cytokine responses to M. avium (107).

3.3. IL-10
The role of IL-10 in experimental M. avium infection is highly controversial. Some experiments

neutralizing IL-10 in vivo by repeated administration of specific monoclonal antibodies showed that
resistance to M. avium was augmented by this treatment, whereas others documented no effect on the
course of infection (32,34,108). Mice deficient in IL-10 were marginally more susceptible to M.
bovis BCG very early during infection (109,110). M. avium-infected IL-10 KO mice had increased
numbers of IFN-γ-secreting T-cells and reduced bacterial load in the liver and lung early during
infection, but this effect was short-lived (111). Other investigators using IL-10 KO mice have been
unable to confirm a significant role of IL-10 in interfering with antibacterial protection against M.
avium (112; Ehlers, unpublished data). However, when neutralizing anti-IL-10 antibodies were com-
bined with antimycobacterial chemotherapy in M. avium-infected mice, improved clearance was ob-
served (113).

Investigations on the role of IL-10 in the inflammatory response to NTM are still lacking. Our own
preliminary data suggest that, in the absence of IL-10, there is significant exacerbation of tissue
pathology, similar to that occurring in models of autoimmune diseases (Ehlers, unpublished data).

3.4. TNF
In vivo cytokine neutralization experiments have clearly demonstrated that IFN-γ and TNF act in

a synergistic fashion in the induction of bacteriostasis against M. avium. More particularly, IFN-γ
was found to be involved in the priming of TNF secretion (81). Neutralization of TNF significantly
increased the mycobacterial burden (114,115). Lack of the major signalling component of the TNF
receptor, TNF-RI, was found to have no or only a marginal effect on bacterial replication in M.
avium-infected mice (116,117). Administration of an antagonist TNF-RII antibody to M. avium-
infected mice inhibited the bacterial growth in the spleen, so that membrane or soluble TNF-RII may
also be functionally involved in controlling infection (118).

The TNF-RI is critically required for timely granuloma formation, confirming previous studies
with M. avium and M. bovis Bacillus Calmette-Guérin (BCG) infection in which TNF was neutral-
ized and granuloma formation aborted (116,119–121). TNF-RI is crucial for granuloma maintenance,
because in its absence, incipient granulomas disintegrate (Fig. 3B). The ensuing significant pathol-
ogy causes death of M. avium-infected TNF-RI KO mice (116). These mice were found to have an
excessive T-cell response, as evidenced by high levels of IFN-γ and increased numbers of T-cells in
the granulomas, and this T-cell-mediated granuloma disintegration could be prevented by treatment
with anti-IL-12 (122). These studies provide further evidence of how tightly protective and inflam-
matory events need to be regulated in order to prevent an otherwise excessive and detrimental inflam-
matory response. They also reveal a previously underestimated role for TNF in downmodulating
inflammation in response to NTM infection.

3.5. Colony Stimulating Factors
In the beige mouse model of infection, a significant reduction in the number of viable M. avium was

observed in blood, liver, and spleen of mice treated with a combination of recombinant GM-CSF and
azithromycin or amikacin compared with control mice or those treated with rGM-CSF or antimicrobials
alone (123; Ehlers, unpublished data). Administration of recombinant G-CSF promoted an extensive
blood neutrophilia but failed to improve the course of M. avium infection in C57BL/6 or beige mice. rG-
CSF administration also failed to improve the efficacy of a triple chemotherapeutic regimen (112).
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3.6. Chemokines
As with studies using macrophages in vitro, there is a paucity of data on chemokine production in

vivo in response to NTM. A preparation of LAM (although not specifically derived from
nontuberculous mycobacteria), when inoculated intranasally into mice, induced increases in the lung
concentrations of MIP-2 and GRO-α (124). In a model system using bead-immobilized purified pro-
tein derivative from M. tuberculosis to induce pulmonary granulomas in preimmunized mice, the
following chemokine transcripts were found to be induced: γ-interferon-inducible protein (IP-10),
monokine induced by IFN-γ (MIG), macrophage inflammatory protein-2 (MIP-2), lipopolysaccha-
ride-induced chemokine (LIX), rodent growth-related oncogene homolog (KP), macrophage inflam-
matory protein-1α (MIP-1α) and -1β (MIP-1β), lymphotactin, MCP-1, MCP-5, monocyte-derived
chemokine (MDC), and thymus and activation-related chemokine (TARC), C10. Other transcripts
were found to be constitutively expressed: lungkine, secondary lymphoid-tissue chemokine (SLC),
EBI1-ligand chemokine (ELC), fractalkine, MIP-1γ, and stromal cell derived factor-1α (SDF1-α). In
this system, chemokines displayed characteristic temporal patterns of expression. CXC (IP-10, MIG,
MIP-2, LIX) and certain CC (MCP-1, MCP-5, MIP-1α, MIP-1β) chemokines were produced maxi-
mally within 1–2 d. Lymphotactin displayed peak expression later (125).

When M. avium-infected beige mice were examined, they had a lower MIP-1β and MIP-2 expres-
sion in the lungs than wild-type controls. The enhanced susceptibility of beige mice, which is particu-
larly evident in the first few weeks of infection, may therefore be the result of defective recruitment
of neutrophils or other cells responsive to these chemokines (126).

3.7. A Note on the Use of Mouse Models for NTM Infection
Intravenous infection in mice is an adequate model for investigating the course of disseminated

infection with NTM and has yielded significant insight into the roles different cytokines play in the
protective and inflammatory response to infection with different NTM species. Aerosol infection
with, for example, M. avium, however, does not adequately reflect the typical endobronchial disease
(i.e., the localized form of NTM pneumonia present in patients with pre-existing pulmonary dam-
age). On the other hand, aerosol infection with M. avium does lead to pulmonary pathology similar to
that present in human tuberculosis (TB) patients, with caseating necrosis of the granulomatous lesions
(121). Therefore, this model lends itself to the investigation of the cause for granuloma necrosis and
tissue pathology, and it was recently found that CD4+ T-cells and IFN-γ, but not iNOS, are critical
mediators in this form of mycobacteria-induced immunopathology (100). There was excessive in-
flammation in both IFN-γ and iNOS KO mice, showing that dysregulation of the inflammatory re-
sponse was likely mediated by a lack of nitric oxide; however, IFN-γ mediated necrosis was
speculated to be the result of IFN-γ-induced chemokines, such as IP-10 and MIG, which have pro-
found angiostatic effects and may cause localized hypoxia (127).

4. LESSONS FROM HUMAN PATIENTS: FROM THE CLINIC
TO DEFECTIVE GENES AND BACK TO IMMUNOTHERAPY

Careful investigation of unusual immunologic phenotypes in patients with disseminated NTM
disease has led to the discovery of a number of genetic defects in the IL-12/IFN-γ pathway of mac-
rophage activation in these patients. These comprise defects in the regulation of IL-12 secretion,
mutations in the IL-12p40 gene, and various defects in IL-12Rβ1, IFN-γR1, IFN-γR2, and a STAT1
mutation.

Complete IFN-γ receptor deficiency is caused by frame-shift mutations creating premature stop
codons in the genes for IFN-γR1 or IFN-γR2 (128–133). These defects are associated with a complete
absence of IFN-γ responsiveness in affected patients who characteristically have severe disseminated
NTM infections [in one case, even arising from M. smegmatis, (130)] involving virtually every organ.
Disease onset is very early in life, typically in small children, and infections are usually fatal if
untreated. Because antibiotic therapy does not completely eradicate NTMs, recurrent infections
establish a very poor prognosis. Histologic examination reveals poorly differentiated multibacillary
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lesions (131,134,135). Interestingly, delayed-type hypersensitivity (DTH) responses were reported
to be normal in disseminated BCG infection in these patients, suggesting that IFN-γ may not be
necessary for DTH responses to mycobacteria in humans.

Partial IFN-γR deficiencies are characterized by a partial loss of IFN-γ responsiveness and may
arise from a premature stop codon in the proximal intracellular protein domain, missense mutations,
small in-frame deletions or insertions, or aberrant splicing events (136–139). Mutant proteins are still
expressed on the surface but cannot signal [e.g., because of the absence of JAK1 and STAT1 docking
sites (19)]. This deficiency is found in an autosomal dominant form in which heterozygosity confers
residual responsiveness to IFN-γ. There is also an autosomal recessive form of partial IFN-γR1 defi-
ciency in which, again, IFN-γ responsiveness is diminished but not abolished. The clinical phenotype
of affected patients is generally milder and characterized by a later onset. Histologically, mature,
well-demarcated, and paucibacillary granulomas are found (137). For unknown reasons, many of the
patients with partial IFN-γR deficiencies suffer from NTM osteomyelitis (140–142). Because IFN-γ
plays a role in the regulation of itself and IL-12, PBMCs of these patients produce lower levels of
TNF, IFN-γ, and IL-12 in response to PHA (143).

All autosomal recessive mutations in the genes encoding IL-12p40 or IL-12Rβ1 described so far
preclude expression of the respective proteins (144–147). All patients suffer from disseminated NTM
or BCG infection, and most also have severe Salmonella infections. Histologically, the appearance of
well-organized and mature tuberculoid granulomas was documented (144,145), suggesting that IL-
12-dependent IFN-γ secretion is not necessary for granuloma formation. In vitro studies showed that
patients’ T-lymphocytes were not completely deficient in IFN-γ production, likely explaining the
often milder clinical phentoype compared to patients with complete IFN-γ receptor deficiencies
(144,145,147,148). As with IFN-γR deficiencies, DTH reactions to PPD were reported to be normal
in IL-12Rβ1-deficient patients. There have also been reports of abnormal IL-12 regulation in familial
disseminated M. avium infection, and this has led to the discovery of IL-12-independent IFN-γ secre-
tion pathways, although not all of them have been defined at the molecular level (148,150). Generally
speaking, defects in IL-12 secretion and/or IL-12R expression show considerable heterogeneity in
terms of clinical outcome of nontuberculous infection, even among affected members of the same
family (151,152).

So far, no genuine deficiency in IFN-γ production has been detected in humans. In a recent clinical
report, no production of IFN-γ was found despite normal IL-12R expression, but this could be attrib-
uted to a defective activation pathway for STAT-1, -3, and -5 by IL-12 in this patient (153). In a
publication describing a heterozygous germline human STAT-1 mutation, nuclear accumulation of
gamma-activating factor (GAF) but not of interferon-stimulated gamma factor 3 (ISGF-3) was found
to be impaired following stimulation of macrophages by interferons. Because only antimycobacterial
but not antiviral defenses were deficient in macrophages with the STAT-1 mutation, this finding
reveals for the first time that interferon-induced antimycobacterial mechanisms are channeled through
GAF (154).

4.1. Therapeutic Implications
Interferon-γ has been in various clinical trials for infectious diseases since the mid-1980s. Long-

term follow-up of patients with chronic granulomatous disease who have received over 10 yr of IFN-
γ has shown no unexpected toxicity (155,156). In all trials involving M. avium infection, benefits
have only been significant when concurrent antimycobacterial chemotherapy was given (157,158).
On the other hand, there have also been reports that IFN-γ has no effect in HIV-infected M. avium
patients (159). In a cohort comprised of HIV-negative patients with abnormal IL-12 production,
idiopathic CD4 lymphocytopenia, and partial IFN-γR deficiencies, the cure rate was 60% when
antimycobacterial chemotherapy was combined with subcutaneous IFN-γ (155,160). Subcutaneous
IFN-γ was also effective in patients with refractory pulmonary disease, and best results were ob-
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served in patients with noncavitary disease (161,162). In a study using aerosolized IFN-γ, treatment
converted smears to negative, although cultures remained positive for M. avium (163).

Interleukin-12 has successfully been used as an adjuvant to a standard antituberculotic medication
in patients suffering from progressive clinical tuberculosis (164), but there have been only few at-
tempts using IL-12 as adjuvant treatment in NTM infections so far. In one patient whose pulmonary
M. abscessus infection was refractory to IFN-γ treatment, low-dose IL-12 was successful and led to
sputum conversion (165). IL-12 can be quite toxic, and this has been particularly evident in the
setting of IFN-γ deficiency in a mouse model (166). Further studies defining safe dosage and applica-
tion intervals will be necessary to include IL-12 therapy in the “standard” immunotherapeutic arma-
mentarium against NTM infection.

Granulocyte–macrophage colony-stimulating factor has also been used in some NTM patients.
Although no significant effect on mycobacteremia was documented, activation of blood monocytes was
noted in treated AIDS patients, as evidenced by enhanced mycobactericidal activity in vitro (167),
although others failed to observe this effect (168). An anecdotal report on the use of GM-CSF in M.
kansasii infection also showed increased activation of monocytes and improved control in vitro (169).

5. PERSPECTIVE

This chapter has summarized data on cytokine induction/cytokine responsiveness in human pa-
tients, mouse models, and in vitro macrophage infections with NTM (see Table 1). There is now solid
evidence from the mouse model of infection that several cytokines, such as IFN-γ, IL-12, IL-6, and
TNF play important roles in immunity to NTM infections. Thus far, patients with disseminated NTM
infections have only been found to have defects in the IL-12/IFN-γ pathway. Evidence for genetic
defects in localized NTM disease is entirely lacking, and a recent study in older HIV-negative women
without pre-existing lung disease who had localized M. avium pneumonia found no association with
any known form of IFN-γR1-deficiency (170).

The purpose of this chapter is to emphasize the likelihood that further genetic scrutiny of NTM
patients will lead to the discovery of more, as yet unknown anomalies involving the pathways of
macrophage recruitment and activation. These defects may again account for only the disseminated
infections, but they may also lie at the core of some localized forms of disease. NTM infections may
thus provide a unique opportunity for discovering cytokine/chemokine defects that may subsequently
turn out to be critically involved also in the pathogenesis of other infectious diseases (171).

This chapter has also documented that very little is known about the role of chemokines in NTM
infections. However, it is likely that the relevance of chemokines recruiting mononuclear cells into
the granuloma will prove to be substantial, for a number of reasons: (1) IFN-γ by itself has very little
antimycobacterial activity in vitro and in vivo, yet has shown promise in adjunctive therapy; (2)
many chemokines are induced by IFN-γ and a coordinated granulomatous response is essential for
containing NTM infections.

Most critically, however, the mechanisms by which NTM are killed or inhibited in their growth
are still completely unknown. The identification of the signaling pathways involved is only now
beginning. The dissection of IFN-γ-induced inflammatory and protective events should ultimately
lead to more specific forms of immunotherapy targeting the mycobactericidal mechanisms directly.
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1. INTRODUCTION

The genus Mycobacterium comprises more than 85 species of Gram-positive acid-fast aerobic
bacilli. M. tuberculosis is the agent of tuberculosis, which preferentially affects lungs and lymph
nodes; M. leprae is responsible for leprosy, a disease of peripheral nerves and skin; and M. ulcerans
is the agent of cutaneous Buruli ulcer. These three species are the most pathogenic of the known
mycobacteria, but not all infected individuals develop clinical disease. The remaining mycobacterial
species are environmental and poorly pathogenic in humans. However, environmental mycobacteria
(EM) and Bacille Calmette–Guérin (BCG) vaccine substrains may be responsible for severe infec-
tions in patients with impaired immunity. Thus, even following infection with a virulent species, the
appearance of clinical mycobacterial disease implies that host defenses have failed.

Studies of mouse models of mycobacterial infection have established that interleukin (IL)-12 and
interferon (IFN)-γ are crucial for protective immunity. The depletion of these molecules in mice
induced by IL-12-specific or IFN-γ-specific antibodies renders animals highly vulnerable to BCG,
M. avium, and M. tuberculosis (1). Studies in IL-12 (and IL-12-receptor) (2,3) and IFN-γ (and IFN-γ-
receptor) (4,5) knockout (KO) mice support these findings. Although a number of other cytokines
appear to be important for mouse defenses against mycobacteria, IL-12 and IFN-γ are the key
cytokines, as IL-12 KO and IFN-γ KO mice die within 7 (2) and 3 (4) wk after intravenous M.
tuberculosis inoculation, respectively.

There is a body of evidence that IL-12 and IFN-γ play an important role in mycobacterial immunity
in humans. Here, we begin by considering the immunological basis of IL-12 and IFN-γ production and
regulation in healthy individuals. We then review studies that have assessed the secretion of and cellu-
lar responses to IL-12 and IFN-γ in vivo or ex vivo during mycobacterial infections, mostly tuberculo-
sis. Finally, we review inherited disorders of the IL-12–IFN-γ axis, which lead to severe EM, BCG,
and, occasionally M. tuberculosis diseases. Overall, these data demonstrate the central role of the hu-
man IL-12–IFN-γ axis in protective immunity against mycobacterial species of high and low virulence.

2. THE IL-12 IFN-γ AXIS IN HUMANS

2.1 The Interleukin-12 Pathway
Interleukin-12 is a disulfide-linked glycosylated heterodimer, IL-12p70. It consists of two sub-

units, IL-12 p35 and IL-12 p40, encoded by the IL12A and IL12B genes, located on 3p12 and 5q31,
respectively (6). Interleukin-12 is secreted by activated antigen-presenting cells (dendritic cells and
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monocytes macrophages) and polymorphonuclear cells (see Fig. 1). The secretion of IL-12 p70 is
highly regulated, particularly at the transcriptional level; p35 is ubiquitously produced, whereas p40
is inducible. IL-12 p70 production is induced by various microbial stimuli, including mycobacteria.
Other stimuli include CD154 (CD40 ligand) and IL-12 itself.

The cell surface, high-affinity IL-12 receptor consists of two noncovalently linked type I trans-
membrane proteins subunits, IL-12Rβ1 and IL-12Rβ2. The IL12RB1 gene is located on 19p13,
whereas the IL12RB2 gene is located on 1p31. IL-12Rβ1 is detected on the surface of T-cells and NK
cells and activated B-cells and dendritic cells. IL-12Rβ2 production and expression is limited to
activated T-cells and NK cells, which respond to IL-12 by secreting IFN-γ. IL-4, IL-10 and trans-
forming growth factor (TGF)-β downregulate β2 expression, whereas IL-18 and IFN-γ help to main-
tain levels of the high-affinity receptor on the surface of activated cells.

The binding of IL-12 to its receptor leads to activation of the two receptor-associated tyrosine
kinases, JAK2 and TYK2. TYK2 is associated with IL-12Rβ1, and JAK2 is associated with IL-
12Rβ2. These two members of the Janus kinase (JAK) family phosphorylate tyrosine residues in the
cytoplasmic domain of IL-12Rβ2. Various members of the STAT family may be activated by the IL-
12 receptor, but STAT-4 dimers probably account for the vast majority of IFN-γ production, based on
the phenotype of mice in which the STAT4 gene has been disrupted. Activated STAT-4 dimers are
translocated to the nucleus, where they bind to specific DNA sequences, thereby regulating the tran-
scription of IL-12-inducible genes such as those encoding IFN-γ, the IL-18 receptor, IL-12Rβ2, and
IL-12 itself (see Fig. 2).

2.2. The Interferon-γ Pathway
The gene encoding IFN-γ (IFNG) is located on 12q15. Biologically active IFN-γ is a noncovalently

linked, homodimeric, glycosylated protein (7). IFN-γ is produced principally by NK cells and
T-cells. Mononuclear phagocytes and dendritic cells also seem to produce IFN-γ, but in smaller
amounts. IFN-γ production is induced not only by IL-12 (7) but also by other cytokines such as IL-1β
(8), IL-18 (9), IL-23 (10), and tumor necrosis factor (TNF)-α (7).

Fig. 1. Cells involved in IFN-γ-mediated immunity. IL-12 is principally secreted by phagocytes and den-
dritic cells and binds to a heterodimeric receptor consisting of β1- and β2-chains, which is specifically expressed
on NK and T-lymphocytes. IFN-γ is secreted by NK and T-lymphocytes and binds to a ubiquitous receptor
made of two chains: a ligand-binding (IFN-γR1) and a signaling-associated chain (IFN-γR2). STAT-1 is phos-
phorylated in response to IFN-γ and is translocated to the nucleus as a homodimer (see Fig. 3). Genetic etiolo-
gies of Mendelian susceptibility to mycobacterial infection: five molecules (in gray) have been found to be
mutated in certain patients with severe mycobacterial infection.
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The high-affinity IFN-γ receptor is tetrameric and consists of two R1 (ligand-binding) and two R2
(signal transduction) chains. The IFNGR1 gene is located on 6q23, and the IFNGR2 gene is located
on 21q22. Both subunits are type I glycoproteins containing a cellular domain with tyrosines.
Homodimeric IFN-γ dimerizes two IFN-γR1 molecules, and recruits two molecules of IFN-γR2. IFN-
γR1 expression is constitutive and ubiquitous. The regulation and trafficking of IFN-γR2 are less
well understood, and although IFN-γR2 expression is also ubiquitous, it may be downregulated or
upregulated in various cell types. The intracellular domains of IFN-γR1 and IFN-γR2 have no intrin-
sic kinase activity, but IFN-γR1 and IFN-γR2 are constitutively associated with JAK-1 and JAK-2.
IFN-γ binding induces the formation of a tetramer (two R1 chains and two R2 chains), JAK-1 and
JAK-2 transactivate themselves and one another and phosphorylate tyrosine residues in IFN-γR1.
This creates a docking site for STAT-1, and JAKs phosphorylate the tyrosine residues of docked
STAT-1. The phosphorylated STAT-1 molecules then dissociate from the receptor and form
homodimeric complexes. These complexes are then rapidly translocated to the nucleus, where they
bind to specific DNA sequences, known as gamma-activating sequence (GAS) elements, in the pro-
moters of IFN-γ-inducible genes (see Fig. 3). The genes activated fall into two classes: IFN-γ-in-
duced immediate-early genes, such as interferon regulatory factor 1 (IRF-1), and IFN-γ-regulated
intermediate genes, such as human leukocyte antigens (HLAs).

Fig. 2. IL-12 signaling pathway. Binding of IL-12 to the IL-12 receptor induces phosphorylation of TYK2
and JAK-2, thus activating the signal transducing protein STAT-4. This protein dislocates from the receptor
and translocates as homodimer to the nucleus, where it acts as a transcriptional activator, binding to specific
DNA response elements in the promoter region of IL-12-inducible genes. Two molecules (in gray) in the sig-
naling pathway have been found to be mutated in patients with severe mycobacterial infection.



154 Fieschi et al.

2.3. The IL-12-IFN-γ Axis
Although the molecular mechanisms that govern the production of and response to IL-12 and IFN-γ

have been unraveled in recent years, little is known about the basis of the IL-12–IFN-γ axis in cells
and tissues in vivo. It is clear that the two major cytokines of the axis amplify each other, as IL-12
induces IFN-γ secretion by T-cells and NK cells, and IFN-γ induces IL-12 production by antigen-
presenting cells (see Fig. 1). However, the respective roles of the various cell subsets involved in the
production of and response to IL-12 and IFN-γ are unclear. In tissues, it is probably within granulo-
mas that activated macrophages secrete IL-12 and other proinflammatory cytokines and differentiate
into epithelioid and giant cells. The surrounding lymphocytes are recruited by the secreted cytokines
and chemokines and activated, resulting in their differentiation into IFN-γ-producing T-cells.

3. IL-12 AND IFN-γ IN PATIENTS WITH MYCOBACTERIAL INFECTIONS

As a first approach to exploring the role of the human IL-12–IFN-γ axis in immunity to mycobac-
teria, several investigators have assessed levels of cytokines and their receptors in vivo. They have
also measured in vitro the production of, and response to, cytokines by stimulating mononuclear
blood cells from infected patients.

3.1. In Situ Detection of Cytokines and Receptors in Mycobacterial Diseases
Fenhalls et al. (11) used in situ hybridization with a specific mRNA probe to investigate the pres-

ence of IFN-γ in tuberculous granulomas from the lungs of patients undergoing lobectomy for severe
tuberculous hemoptysis. Histopathological studies showed granulomatous lesions in all patients and
the persistence of acid-fast bacilli despite 2 mo of antimycobacterial treatment. Two of the five pa-
tients studied tested positive for IFN-γ and negative for IL-4 by in situ hybridization. The three
remaining patients produced both IFN-γ and IL-4. The cytokine profiles of these patients are there-
fore heterogeneous: IFN-γ is detected in all granulomas, but some contain IL-4, whereas others do
not. Zhang et al. (12) used reverse transcription–polymerase chain reaction (RT-PCR) to compare
levels of IFN-γ and IL-12Rβ2 mRNA in lymph nodes from tuberculous patients with those from
patients with benign follicular hyperplasia. IFN-γ and IL-12Rβ2 mRNA levels were markedly higher
in tuberculous lymph nodes than in lymph nodes from patients with benign follicular hyperplasia.
Patients with lepromatous leprosy have weak cell-mediated immunity, with immature granulomas
and a progressive form of disseminated disease, whereas patients with tuberculoid leprosy have strong
cell-mediated immunity with mature granulomas and are able to restrict and to eliminate M. leprae.
Kim et al. (13) studied IL-12-receptor production in these two polar forms of leprosy. IL-12R pro-
duction in cutaneous leprosy lesions correlates with the type of cell-mediated immunity: IL-12Rβ2
mRNA is absent from lepromatous lesions, but present in tuberculoid lesions. IL-12Rβ1 mRNA
levels are similar in lepromatous and tuberculoid lesions. Finally, these studies in situ suggest that the
cytokines and receptors comprising the IL-12–IFN-γ axis are detectable at the site of mycobacterial
disease.

3.2. IL-12-IFN-γ Axis Exploration in Broncho-alveolar lavage
Cytokine levels should be evaluated in broncho-alveolar lavage (BAL) because the cytokine-pro-

ducing cells are directly in contact with tuberculous lesions. Taha et al. (14) measured IL-12R levels
in the BAL of patients with active tuberculosis and compared them with those in healthy controls:
they found that there were significantly more cells containing IL-12Rβ1 mRNA and IL-12Rβ2 mRNA
in tuberculous patients than in healthy controls. In situ hybridization and immunohistochemistry
studies carried out in parallel showed that the majority of IL-12Rβ1- and IL-12β2-positive cells were
also CD8 positive. Taha et al. (15) also compared the levels of IL-12 and IFN-γ mRNA in BAL from
patients with active tuberculosis with those in BAL from patients with inactive tuberculosis. They
showed, by in situ hybridation, that a significantly higher proportion of BAL cells contained IL-12
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and IFN-γ mRNA in patients with active tuberculosis than in patients with inactive tuberculosis
patients (8% IFN-γ mRNA-positive cells versus 4%). These results were consistent with those previ-
ously published by Robinson et al. (16). Somoskovi et al. (17) compared IFN-γ levels in the BAL of
patients with various clinical forms of pulmonary tuberculosis (mild, moderate, severe) and in healthy
controls; they found that IFN-γ levels were significantly higher in patients with tuberculosis. Thus,
levels of the cytokines and receptors involved in the IL-12–IFN-γ axis appear to be significantly
higher in the BAL of tuberculosis than in that of control subjects.

3.3. Cytokine Levels in Pleural Fluid
Tuberculous pleurisy is generally thought to result from the rupture of small foci of pneumonitis

into the pleural space. The cells responsible for the immune response to mycobacterial infection are
released de facto into the pleural space, and many authors have quantified the levels of cytokines in
the pleural fluid in patients with tuberculosis. Cytokine levels in the pleural effusion are thought to
reflect the production of lymphocytes and other immune cells released by pulmonary tissue. IFN-γ
levels in pleural effusion were first reported to be high in patients with tuberculosis in 1988 (18).
These findings have since been confirmed by other studies (19–23). Chen et al. (22) showed that

Fig. 3. Genetic defects in the IFN-γ-signaling pathway. IFN-γ is a homodimer that binds to and dimerizes
IFN-γR1 molecules. Upon dimerization, IFN-γR2 molecules are recruited to form a tetramer that brings together
IFN-γR1- and IFN-γR2-associated JAK-1 and JAK-2 kinases, respectively. Phosphorylation of IFN-γR1 allows
the docking of STAT-1, a latent cytosolic monomer. The two STAT-1 molecules recruited and subsequently
phosphorylated are released into the cytosol, where they dimerize and are translocated to the nucleus. Three
molecules (in gray) in the signaling pathway have been found to be mutated in patients with severe mycobacte-
rial infection.
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IFN-γ levels were significantly higher in the pleural effusion of patients with tuberculosis (mean 664
pg/mL) than in the pleural effusions patients with noninfectious diseases, such as malignant effusion
(mean: 0.7 pg/mL). Zhang et al. (24) determined IL-12 levels in the pleural effusion of patients with
tuberculosis and patients with malignant pleural effusion. They used an enzyme-linked
immunosorbent assay (ELISA) that detected both IL-12p40 and IL-12p70. The mean concentration
of IL-12 was 585 ± 89 pg/mL in patients with tuberculous pleurisy and significantly higher than in
patients with malignant pleural effusion (123 ± 35 pg/mL). Mean IL-12p70 levels were 165 ± 28 pg/mL
in patients with tuberculous pleurisy, whereas this molecule was undetectable in patients with malig-
nant pleural effusions. Vankayalapati et al. determined IL-18 and IFN-γ levels in the pleural effu-
sions of patients with tuberculous and nontuberculous effusion (malignant, trauma, or bacterial) (25).
Pleural IL-18 levels were significantly higher in patients with tuberculosis (278 ± 53 pg/mL) than in
patients with pleural effusions of nontuberculous origin (106 ± 17 pg/mL), and IFN-γ levels in pleu-
ral effusion displayed parallel progressions (1573 ± 414 vs 59 ± 40 pg/mL). Thus, as in in situ studies
and in BAL, levels of IL-12 and IFN-γ are high in the pleurisy of patients with tuberculous.

3.4. Cytokine Levels in Serum
As tuberculosis is a systemic infection, several investigators have measured cytokine levels in the

serum. Verbon et al. (26) found IFN-γ levels to be high (0–450 pg/mL: mean: 22 pg/mL) in the sera
of 81 patients with tuberculosis before the initiation of antibiotic treatment. IFN-γ was undetectable
in the sera of control subjects and other patients in remission after infection (after the completion of
treatment). IFN-γ levels were significantly higher (mean 46 pg/mL) in patients with general symp-
toms than in those without such symptoms (mean 29 pg/mL), and this finding was confirmed by
another study (27). IFN-γ levels do not correlate with the location of the disease (pulmonary or
extrapulmonary), and low levels of IFN-γ do not rule out a diagnosis of tuberculosis (22,26,27). Chen
et al. confirmed these findings (22) and showed that serum IFN-γ levels in patients with tuberculosis
were significantly higher than those in patients with lung cancer. High levels of IFN-γ in the sera of
patients with active tuberculosis probably result from intense and sustained IFN-γ production during
tuberculosis.

Investigators have also determined serum levels of IL-12 and IL-18 in tuberculous patients, as
both of these cytokines are involved in IFN-γ production during mycobacterial infection. Verbon et
al. (26), found no detectable IL-12p70 in the sera of patients and controls, and there was no signifi-
cant difference in IL-12p40 levels between patients with active tuberculosis and controls. Yamada et
al. (27) measured serum IL-18 concentration in patients with tuberculosis. Patients with tuberculosis
have higher levels of IL-18 (424 ± 516 pg/mL) than do healthy matched controls (140 ± 89 pg/mL).
High levels of cytokines in the sera of patients with active tuberculous disease probably account for
the systemic immune response to the infection.

3.5. Cytokine Production by Cultured Cells During Mycobacterial Infection
The first studies of IFN-γ production by peripheral blood mononuclear cells (PBMC) in human

tuberculosis date back to 1985 (28). Zhang et al. (29) determined IFN-γ concentrations in the super-
natants of heat-killed M. tuberculosis-stimulated PBMCs. IFN-γ levels were significantly lower in
tuberculous patients than in healthy tuberculin reactors, and these lower levels were not associated
with lower levels of IL-12. These abnormalities in IFN-γ levels in stimulated PBMCs were abolished
following the completion of antibiotic treatment in most patients. Schwander et al. (30) confirmed
these findings: they showed that PBMCs from tuberculous patients had a lower than normal prolif-
erative response to both mycobacterial (purified protein derivative [PPD]) and nonmycobacterial
antigens (candida, tetanus toxoid) and that IFN-γ levels in the supernatants of PPD-stimulated PBMCs
from tuberculous patients were one-seventh those in healthy controls (median: 927 vs 6790 pg/mL,
respectively). Other investigators have studied the cellular type of IFN-γ-producing cells; CD8 T-
cells seem to be largely responsible for IFN-γ production (31,32). Dlugovitzky et al. (33) confirmed
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the decrease in IFN-γ production by stimulated PBMCs and showed that the proliferative response of
PBMCs was weaker in patients with severe disease (mean: 5358 vs 18075 cpm). This was also con-
firmed in children with tuberculosis (34). However, Vankayalapati et al. (35) demonstrated that in M.
avium infection with normal proliferative response, M. avium-activated PBMCs produced signifi-
cantly less IFN-γ in patients than in positive skin test controls. Dlugovitzky et al. (36) also showed in
a later study that IL-12 levels in the supernatants of M. tuberculosis-activated PBMCs were signifi-
cantly higher for PBMCs from patients with severe disease than for PBMCs from control subjects or
patients with moderate tuberculosis.

Zhang et al. (12) have shown that 20–30% of freshly isolated PBMCs from healthy tuberculin
reactors are IL-12Rβ1+, whereas only 2–3% of PBMCs are IL-12Rβ1+ in patients with tuberculosis.
IL-12Rβ1 production increased in parallel in both patients (mean 18 ± 8% of stimulated PBMCs) and
healthy tuberculin reactors (mean: 46 ± 6%) after M. tuberculosis stimulation. IL-12Rβ2 is not ex-
pressed at the surface of PBMCs from healthy tuberculin reactors or tuberculosis patients, but the
production of this molecule is induced by M. tuberculosis. However, the percentage of cells acquir-
ing IL-12Rβ2 expression is significantly lower in tuberculosis patients than in healthy tuberculin
reactors (10 ± 3% vs 37 ± 3%). This expression of both the IL-12Rβ2 and IL-12Rβ1 chains, resulting
in a functional IL-12R, is correlated with IFN-γ levels in the supernatant of cultured PBMCs from
tuberculosis patients and healthy tuberculin reactors (433 ± 105 vs 3132 ± 260 pg/mL).

Kim et al. (13) studied the IL-12-mediated induction of IFN-γ production in T-cells from leprosy
patients activated by M. tuberculosis or M. leprae. T-cells from patients with tuberculoid lesions
produced similar levels of IFN-γ after activation by M. tuberculosis and after activation by M. leprae,
whereas T-cells from patients with lepromatous lesions produced large amounts of IFN-γ after M.
tuberculosis activation and very small amounts after M. leprae activation. The lack of response to M.
leprae is confirmed by the absence of STAT-4 activation (DNA binding and phosphorylation) in IL-
12-activated PBMCs from patients with lepromatous lesions, whereas PBMCs from patients with
tuberculoid lesions respond to M. leprae stimulation. Similarly, the lack of response to M. leprae in
lepromatous patients is confirmed by the absence of IL-12Rβ2 induction at the surface of activated
PBMCs. Thus, T-cells from mycobacteria-infected patients seem to secrete very little IFN-γ in vitro
upon mycobacterial stimulation. This is consistent with the hypothesis that IFN-γ-producing T-cells
are preferentially recruited to the site of the disease. Alternatively, mycobacteria may themselves
induce T-cell anergy in vivo.

4. GENETIC DEFECTS IN THE IL-12 AND IFN-γ PATHWAYS

The high levels of IL-12 and IFN-γ observed in the course of various mycobacterial diseases suggest
that this axis is involved in antimycobacterial immunity. The observation of severe disease caused by
Bacillus Calmette–Guerin (BCG), environmental mycobacteria, and M. tuberculosis in patients lacking
IL-12- or IFN-γ-mediated immunity supports and extends this conclusion. Mendelian predisposition to
mycobacterial disease is a heterogeneous syndrome, the limits of which are poorly defined. Otherwise
healthy patients develop severe disease as a result of BCG and environmental mycobacteria in the
absence of immunodeficiency. To date, various mutations have been found in five genes in patients
with the syndrome (see Fig. 1) and these mutations define nine different diseases.

4.1 Interferon-γ Receptor Deficiency
4.1.1. Complete IFN-γR1 and IFN-γR2 Deficiency

Complete IFN-γR1 deficiency was the first genetic etiology to be identified (37,38). Other pa-
tients have been described since these early reports (39–42). Mutations in the IFNGR1 gene are
recessive and cause a loss of function. They preclude cell surface expression of the IFN-γR1-binding
chain or the binding of IFN-γ to the surface-expressed mutated receptors (43). Complete IFN-γ recep-
tor signaling chain (IFN-γR2) deficiency has also been reported (44). Clinical and histopathological
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phenotypes of complete IFN-γR2 deficiency are marked by disseminated environmental mycobacte-
rial or BCG diseases and poorly limited multibacillary granulomas.

A lack of cellular responses to IFN-γ has been demonstrated in vitro in patients with complete
IFN-γR deficiency, and the mutant alleles have been shown to cause an impaired cellular response to
IFN-γ in experiments involving the complementation of defective cells with the wild-type IFNGR1
or IFNGR2 gene. IFN-γ levels are high in the sera of patients with such defects, because of a lack of
binding of the cytokine to its receptor, in contrast to other deficiencies and unexplained mycobacte-
rial diseases (45).

4.1.2. Partial IFN-γR1 and IFN-γR2 Deficiency
Two siblings with partial, as opposed to complete, recessive IFN-γR1 deficiency have also been

reported (46). A homozygous recessive missense mutation causing an amino acid substitution in the
extracellular domain of the ligand-binding chain was identified. This mutation probably only reduces
the affinity of the encoded receptor for its ligand. A 20-yr-old patient was found to have partial, as
opposed to complete, IFN-γR2 deficiency. A missense mutation was found in the extracellular do-
main of the encoded receptor (47).

Twenty patients from unrelated kindreds were found to have a dominant form of partial IFN-γR1
deficiency (48,49). These patients have a small heterozygous frame-shift deletion in IFNGR1 exon 6,
downstream from the segment encoding the transmembrane domain, resulting in the production of a
truncated chain. The encoded receptors can reach the cell surface because the leader, extracellular,
and transmembrane domains are conserved and IFN-γ binding is normal. Despite the normal dimer-
ization of IFN-γR1 subunits and tetramerization with two IFN-γR2 subunits, IFN-γ signaling is im-
possible because of the lack of a cellular domain. The receptors also accumulate at the cell surface
because of the lack of an intracellular recycling site. Position 818 of this IFNGR1 mutation is the first
small deletion hot spot to be identified in the human genome.

These defects predispose the individual to infection, not only with nontuberculous mycobacteria
(environmental and BCG vaccines), but also with M. tuberculosis, as one of the siblings with partial
IFN-γR1 deficiency, who was not vaccinated with BCG, developed symptomatic primary tuberculo-
sis. The granulomas are well circumscribed and differentiated, paucibacillary, and tuberculoid. The
clinical and histopathological phenotypes are milder than those of complete IFN-γR deficiency.

4.2. Partial STAT-1 Deficiency
Two patients in two unrelated kindreds have been found to have a heterozygous missense mutation

in the STAT1 gene (50). The mutation is located in the tail segment of STAT-1. The resulting mutant
STAT-1 molecule is nonfunctional because the tyrosine in position 701 cannot be phosphorylated. This
prevents the cytosolic release of IFN-γR1-associated STAT-1 molecules, impairing STAT-1 dimeriza-
tion and nuclear translocation. The severity of the clinical phenotype is similar to that of partial domi-
nant IFN-γR1 deficiency, with curable mycobacterial disease and mature granulomas. The cell lines of
patients with partial IFN-γR or STAT-1 deficiency display a weak cellular response to IFN-γ, as de-
tected by STAT-1 phosphorylation. In each case, the mutant alleles have been shown to be responsible
for this impaired cellular response to IFN-γ. Individuals with deficiencies in the IFN-γ pathway (see
Fig. 3) may be classified into groups based on genotype and clinical and cellular phenotype, and the
correlation between the various features suggests that IFN-γ-mediated cell activation is a genetically
controlled quantitative trait that determines the outcome of mycobacterial infection in humans (51).

4.3. Complete IL-12 p40 and IL-12Rβ1 Deficiency
A child with a recessive mutation in the gene-encoding IL-12 p40 (IL12B) has been reported (52).

The mutation consists of a homozygous frame-shift deletion of 4.4 kb encompassing two coding
exons. Following stimulation of blood cells in vitro, much less IFN-γ was produced than was pro-
duced in the blood cells of a control subject. This impaired IFN-γ secretion was complemented in a
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dose-dependent manner with exogenous recombinant IL-12, implying that IFN-γ deficiency is not a
primary event but a consequence of inherited IL-12 deficiency.

Mutations in the gene encoding the β1-subunit of the IL-12 receptor have been identified in other
children (53–57). All patients were homozygous for recessive mutations (nonsense, missense, and
splice mutations). The families were from different countries and the mutations differed from each
other. All of these mutations preclude the expression of IL-12Rβ1 at the surface of activated T-cells,
and specific antibodies do not detect the affected subunit in flow cytometry. The clinical phenotype
appears to be less severe than that of children with complete IFN-γR deficiency. Two siblings with
the same mutation were recently reported to display different phenotypes: One child suffered BCGitis
after BCG vaccination, whereas the other was resistant to BCG despite several inoculations, but
developed peritoneal tuberculosis (57). In patients with complete IL-12Rβ1 deficiency, IFN-γ secre-
tion in vitro by otherwise functional NK cells and T-cells has been demonstrated to be impaired. In
patients with IL-12Rβ1 or IL-12 p40 deficiency (see Fig. 2), impaired IFN-γ production is probably
responsible for mycobacterial disease, and residual, IL-12-independent, IFN-γ-mediated immunity
probably accounts for the milder clinical and histological phenotype.

5. CONCLUSION

Consistent with studies in the mouse model, several studies in humans have suggested that the IL-
12–IFN-γ axis is essential for protective immunity against mycobacteria. Evidence consistent with
this notion was provided by the observation of high levels of IL-12 and IFN-γ and their receptors in
patients with mycobacterial disease, both at the site of the disease (granulomas, BAL, pleurisy) and
in the bloodstream (serum levels). Conclusive evidence was provided by the observation of severe
cases of BCG, environmental mycobacterial, and M. tuberculosis infection in patients with inherited
deficiency of the IL-12–IFN-γ axis. The apparent rarity of other infections in patients with inherited
impairment of IL-12–IFN-γ axis suggests that this axis plays a “specific” role in the immune re-
sponse to mycobacteria.

It is unclear whether mycobacterial disease develops in apparently healthy individuals despite an
intact IL-12–IFN-γ axis or because of undetectable variations in the IL-12–IFN-γ axis. If the IL-12–
IFN-γ axis is intact, immunity mediated by other important cytokines or chemokines may be im-
paired. Alternatively, IL-12–IFN-γ-mediated immunity in the patients may be weaker than that in
healthy resistant individuals. The development of mycobacterial disease probably results in part from
several inherited host disorders, affecting various immunological pathways, including the IL-12–
IFN-γ axis. Further genetic dissection of immunity to mycobacteria in patients with mycobacterial
diseases should provide further insight into these issues (58).
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1. LEPROSY: CLINICAL FEATURES

Leprosy, a chronic inflammatory disease caused by Mycobacterium leprae, an obligate intracellu-
lar pathogen, has existed throughout recorded history. Isolation of patients was the norm until the
time of discovery of the first effective chemotherapeutic drug, dapsone (4,4'-diaminodiphenylsulfone)
in treating the patients.

Leprosy provides an ideal model to address the role of T-cell subsets in human disease in that it
presents a spectrum of clinical forms that primarily depend on the host’s immune response (see Fig. 1).
At one end of the spectrum lie tuberculoid patients (TT forms) with single skin lesions, a low number
of bacteria, the presence of both in vivo (lepromin skin test) and in vitro cell-mediated immune
(CMI) responses, and low specific antibody levels. Lepromatous patients (LL), on the other hand,
demonstrate a high bacterial load, numerous lesions, high levels of antibodies, together with negative
lepromin skin test and absence of specific immune response. Within these two extremes, a continu-
ous clinical and histopathological spectrum termed “borderline leprosy” (BT, borderline tuberculoid;
BB, borderline borderline; BL, borderline lepromatous) is most often seen (see Fig. 1). In recent
years, the disease has been defined more simply as either paucibacillary (PB) or multibacillary (MB) to
qualify the patient for a particular drug-treatment regimen according to the detection of bacteria in the
slit smears or to the number of skin lesions. It is multibacillary leprosy that is believed to be the most
highly infectious form because of the large number of bacilli found in its secretions (1).

Histopathological aspects of leprosy lesions have been found to be characteristic of patients repre-
senting each group. Tuberculoid lesions reveal the presence of inflammatory infiltrates with a pre-
dominance of CD4+ T-cells, well-formed granulomas at the site of the lesion, differentiated
macrophages, and a thickened epidermis as opposed to the lepromatous form, distinguished by the
presence of the Unna layer, the preponderance of CD8+ T-cells, the absence of granuloma formation,
and a flattened epidermis (1). There is increasing evidence that, along with the dermis, the epidermis
is a seat of intense immunological reactivity in situ. In addition to an increase in epidermal thickness
at the tuberculoid pole (BT, TT), there can be seen an expression of human leukocyte antigen-DR
(HLA-DR) via keratinocytes, an increase in the number of Langerhans’ cells, and the presence of T-
cells in the epidermal cell layer (2–4) in addition to an enhanced expression of the adhesion mol-
ecules (ICAM-1 and LFA-1) and the interferon (IFN)-γ-inducible protein (IP-10) in the epidermis
(5). None of these parameters are detected in the lepromatous forms (BL, LL).

In addition to its characteristic skin lesions, leprosy can also be looked upon as a neurological
disease. Leprosy polyneuropathy is the most commonly treatable neuropathy in the world. It is esti-
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mated that one-third of all diagnosed patients present nerve disabilities that are progressive and irre-
versible, even after completion of multidrug therapy (MDT). Blindness, deformities, and disfigure-
ment can occur across the entire spectrum of the disease, not even sparing those with localized skin
lesions (see Fig. 1). This is the main reason why leprosy continues to represent a major social stigma.
Although MDT is an unquestionably potent instrument for leprosy control, it has, by no means,
exercised any significant impact on the development of disabilities. It has been suggested that sub-
clinical neural damage may actually take place in virtually all patients and that some 30% of the
nerve fibers may have already been destroyed before any sensory impairment becomes detectable
(6). New insights into the mechanism(s) involved in nerve invasion by M. leprae and the subsequent
inflammatory-mediated nerve injury will be of the utmost importance in designing new effective
measures to prevent future nerve damage from occurring in leprosy at all.

2. EPIDEMIOLOGY

In 1982, WHO’s study group on chemotherapy for leprosy recommended that the MDT treatment
regimen be administered to individuals infected with leprosy. MDT involves the use of rifampicin
(600 mg once per month), clofazimine (300 mg once per month, and 50 mg per day), and dapsone
(100 mg per day) to be carried out for 12–24 mo in individuals with MB leprosy and for 6 mo (rifampi-
cin and dapsone) in those with PB leprosy. The absolute goal of the WHO-supported MDT program
was to reduce the leprosy prevalence rate to less than 1/10,000 worldwide. To this end, in 1997,
WHO recommended an additional chemotherapeutic drug regimen which included the administra-
tion of a single dose of antibiotics (600 mg rifampicin, 400 mg ofloxacin, and 100 mg minocycline
[ROM]) to PB patients with a single lesion.

Fig. 1. Schematic representation of the clinical forms of leprosy according to the Ridley and Jopling classi-
fication. The presence of CMI response to M. leprae dictates the clinical outcome of the disease. Multibacillary
(MB) patients show low/absent in vitro and in vivo immune response to the bacteria, high bacillary load, and
numerous skin lesions, whereas paucibacillary (PB) patients show absence of bacteria, few lesions, and the
presence of CMI. Nerve commitment is observed in all clinical forms. During the natural course of leprosy,
patients may develop reactions that are inflammatory episodes that interrupt disease chronic stability. Reac-
tions are divided in type I, or reversal reaction (RR), and type II, or erythema nodosum leprosum (ENL). RR
occurs in BT, BB, and BL patients, whereas ENL is observed in BL and LL forms.
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Since the adoption of MDT in 1982, there has been a very significant 85% reduction in the global
prevalence of leprosy. However, WHO’s original goal to eliminate leprosy as a global public health
care problem by the year 2000 (prevalence below 1 per 10,000) has had to be postponed to the year
2005. In 1999, the number of registered cases was 795,000, with a global prevalence of 1.4 per
10,000 individuals. There still remains about 20 countries in which the prevalence rate far exceeds
this figure, namely India, which accounts for nearly 80% of all registered cases worldwide, in addi-
tion to Brazil, Indonesia, and Bangladesh, which are also burdened with disproportionately high
numbers of leprosy patients. Thus, it is of critical importance to maximize the effectiveness of iden-
tifying new cases in these high-prevalence countries and enrolling these individuals in MDT pro-
grams in a timely manner.

3. INFECTION AND TRANSMISSION

With regard to leprosy infection per se, it is generally acknowledged that a much greater number
of individuals is infected with M. leprae at any given time than will ever develop the disease. Thus, it
could be assumed that the majority probably undergo self-cure prior to any of the disease’s symptoms
being detected. Likewise, some individuals who develop symptoms usually associated with the PB
form (TT leprosy) may also undergo self-cure even in the absence of MDT.

It has been demonstrated that, as compared to the population as a whole, household contacts of
leprosy patients are at higher risk of developing the disease (7). The lapse between infection and the
onset of disease has been demonstrated to be within a 5–10 yr time frame. Although leprosy is rarely
seen in infants less than 3 yr of age, at the other extreme, the onset of symptoms after infection has
occurred can take as long as 30 yr. Despite the fact that the respiratory route of infection is being
looked upon with increasing favor, it would rather appear that exposure of any mucosal surface to M.
leprae organisms is deserving of consideration.

In terms of reservoirs, most consider that leprosy is uniquely a human disease. Even though the
nine-banded armadillo (Dasypus nomencinctus) in the United States and Mexico is frequently infec-
ted or at least serum positive for M. leprae, there appears to be a very low incidence of documented
transmission of M. leprae from armadillos kept as pets to pet owners.

Many attempts to protect against M. leprae infection have been made by employing M. bovis
Bacille Calmette–Guérin (BCG). Several studies have shown that BCG vaccination in humans induced
a protective immune response against M. leprae infection (8) that was even greater than the one aff-
orded against tuberculosis itself (9). Multiple BCG intakes increased protection, whereas the addition
of killed M. leprae to BCG did not seem to improve BCG efficacy (9,10). Moreover, BCG vaccination
and immunotherapy with heat-killed M. leprae plus BCG, used as an adjunctive to MDT, have led to the
clinical and bacteriological improvement of lepromatous leprosy symptoms and the induction of granu-
loma formation (11,12). BCG has been shown to have adjuvant properties (13) that ultimately result in
the upgrading of the immune response (CMI), leading to the clearance of bacteria and protection.

4. GENOMICS AND MOLECULAR BIOLOGY

Leprosy infection is a pathology with no available experimental models capable of reproducing
many of the most relevant phenomena observed in the human disease. M. leprae, a Gram-positive
bacillus, was the first etiologic agent to be implicated as the causative agent of an infectious disease,
as described by Hansen in 1873 (14). Having the longest doubling time of all known bacteria (approx
14 d), it remains one of the few pathogenic bacterium that has yet to be grown in vitro. Its most
characteristic feature is the presence of mycolic acids that reduce the permeability of the bacterial
cell wall as well as being responsible for the acid-fast staining of the bacilli.

A pioneering discovery by Shepard (15) was the ability to infect the mouse hind footpad with M.
leprae, which, because of the low temperature of the footpad, grows 100-fold over a period of 7–9
mo. This system provided an opportunity to screen M. leprae for drug susceptibility. The discovery
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of the susceptibility of the nine-banded armadillo to infection by M. leprae (16) supported a means of
obtaining large quantities of the bacteria from the spleen and liver after an 18- to 24-mo infection
period. Most recently, nude (nu/nu) mice have been used to obtain significant quantities of physi-
ologically active M. leprae for detailed genetic and physiological studies. In these mice, hind footpad
infection yields 1010 M. leprae in 9–12 mo.

Sequencing of the M. leprae genome was initiated in 1991 and a fully sequenced and annotated
genome is already available (17). The bacterial isolate sequenced came from an armadillo passaged
strain. The genome is circular, it contains 3.3 Mb compared with the 4.4-Mb chromosome of M.
tuberculosis, and possesses ~1,600 open reading frames, whereas M. tuberculosis has approx
4000 (18). Thus, functional gene density is considerably lower in the M. leprae than it is in the M.
tuberculosis genome. The M. leprae genome contains a great number of noncoding or pseudogene
sequences and it is surprising that this “junk DNA” has been retained. The distribution of the 1116
pseudogenes is random, and if these are excluded, 1604 potentially active genes remain, of which
1439 are common to both pathogens. Comparative proteome analysis detected only 391 soluble pro-
tein species in M. leprae (19) compared with approx 1800 proteins in M. tuberculosis, indicating that
the pseudogenes are translationally inert. There appear to be very few differences in M. leprae
genomes from different strains, and this genome sequence conservation has hampered studies on
transmission of specific strains within communities or countries.

The availability of the genome sequences of both bacteria allowed the identification of 165 genes
in M. leprae not present in M. tuberculosis, 29 for which functions can be attributed. These genes
may code for antigens that can be used as specific diagnostic tools in the near future and/or for
virulence factors that might contribute to the unique biology and infective properties of the leprosy
bacillus. Several of these M. leprae-specific genes will need to be further evaluated for their absence
in a diversity of other mycobacterial species. Genes within the RD1 region of M. tuberculosis, such
as ESAT-6 (early secretory antigen-6) and CFP (culture filtrate protein)-10, encode antigens recog-
nized by T-cells from patients with tuberculosis but not BCG-vaccinated individuals (20,21). Like-
wise, identification of similar proteins in M. leprae may pave the way for their future use as diagnostic
reagents (22).

In that sense, immunological assays using ESAT-6 of M. leprae for stimulation of the patients’
T-cells in vitro are being conducted. In addition, new sets of proteins antigens, associated with the
cell wall and from the cytoplasm, are being fractionated from armadillo-derived M. leprae and puri-
fied to remove all nonspecific immunosuppressive lipoglycans and lipids. They are being used to
develop improved skin test antigens to be applied in leprosy endemic areas (23). Ideally, these new
diagnostic methods will reveal infection long before clinical symptoms are recognizable. If so, then
MDT can be initiated sooner, with an increasing likelihood that both the prevalence and incidence of
leprosy can be further reduced.

5. PATHOGENESIS

Phagocytosis of mycobacteria by macrophages occurs via the mannose receptor, the complement
receptors (CR) 1, 3, and 4 and the scavenger receptors (24–26). Other candidates are Fc receptors and
the fibronectin-binding protein (27,28). Whether M. leprae within the phagosome secretes antigens
that traffic to the macrophage cytoplasm for class I presentation and/or stimulates class II presenta-
tion from within the endosome is, as yet, unknown. Recent studies of macrophage antigen processing
makes it likely that uptake of M. leprae by these cells will lead to antigen presentation by both class
I and class II pathways (29).

The mycobacterial cell envelope contains a extraordinarily high proportion of complex glycolip-
ids, and their biochemical resolution, with the consequent availability of the purified components,
has allowed a more systematic study of the immunomodulatory properties of these molecules. In
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general, several of the mycobacterial components (proteins, lipids, adjuvant-active components
detected in the cell wall) have been shown to either induce or suppress cellular functions in vitro and
contribute to disease pathogenesis.

Lipoarabinomannann (LAM), a molecule with similarity to Gram-negative bacterial lipopolysac-
charide (LPS), is secreted in copious amounts during infection with both M. leprae and M. tuberculo-
sis. Although it has, on the one hand, been shown to be an effective stimulator for releasing
inflammatory cytokines (tumor necrosis factor-α [TNF-α], interleukin-1β [IL-1β]) from human cells
(30,31), which appears to be related to the extent of mannose capping in the nonreducing termini of
LAM (32), it has been described also as inhibiting macrophage function and interferon (IFN)-γ-
induced monocyte activation (33,34).

Aside from LAM, PGL-1 (phenolic glycolipid 1), an abundant glycolipid present on the surface of
M. leprae as well as free in the infected tissue, is unique to M. leprae and has been shown to suppress
T-cell responses and IFN-γ production (35,36), in addition to modulate TNF-α production by mono-
cytes in vitro (37).

An additional feature that has been demonstrated for M. tuberculosis is the inhibition of phago-
some–lysosome fusion in human macrophages and to reside in a compartment with endosomal char-
acteristics (38). Mycobacterial-containing phagosomes fail to acidify by exclusion of the vesicular
proton-ATPase (39). Whether the same mechanisms are operative following M. leprae entry into
macrophages is not known.

To date, several M. leprae proteins have been characterized, and a number of the antigens respon-
sible for inducing T-cell responses in tuberculoid patients and household contacts have also been
identified, including 70 kDa, 65 kDa, 45 kDa, 35 kDa, 18 kDa, and 10 kDa (the M. leprae GroES
homolog), among others. Another protein—a 22kDa, designated major membrane protein (MMP)-
II—constitutes a bacterioferritin, an iron-rich protein that likely plays a role in the intracellular exist-
ence of M. leprae (40,41).

In addition to residing inside macrophages, M. leprae attaches to and invades Schwann cells (SCs),
cells that form the myelin sheath of peripheral nerves. M. leprae has been found within the nerve
structures in all forms of leprosy. Nevertheless, the bacillary load does not seem to be the direct cause
for the nerve lesion. The overwhelming majority of the bacilli are found in the SC cytoplasm, but M.
leprae can also be found in endothelial cells and fibroblasts localized within the endoneurium. The
segmental demyelination so frequently observed could be the result of SC destruction, although this
is not a constant finding and preserved SC have also been seen covering demyelinated fibers (42).

The neurotropism of M. leprae may be attributed to its affinity for the G-domain of the α-chain of
laminin-2, an extracellular matrix protein that is present in the basal lamina of SCs (43). In turn (see
Fig. 2), the M. leprae–laminin-α2 complex binds to α/β-dystroglycan complexes expressed on the
surface of the SC (44). Other candidate (co)receptors may include integrins, which are also able to
bind to laminin-2, and an as yet uncharacterized 25-kDa phosphoprotein expressed by SC, to which
M. leprae has been reported to bind (45). At the other end, mycobacterial receptors may function as
critical surface adhesins for the G-domain of laminin-α2 (see Fig. 2). A 21-kDa laminin-binding
receptor, a histone like protein (Hlp), has been identified on M. leprae (46,47). Moreover, PGL-I has
recently been shown to bind laminin-2 and mediate the binding of M. leprae to SC (48).

Myobacterium leprae proliferate extensively in SC surrounding peripheral nerves, but whether
bacterial gene products or metabolites or the ensuing immune responses contribute to nerve damage
within lesions is unknown. M. leprae–SC interaction may result in loss of SC properties, which may
affect the ability of SCs to adhere to each other, to associate and interact with axons, and, finally, to
the lack of myelin production, among others. In any event, M. leprae also elicits the production of
TNF-α and IFN-γ by T-cells and macrophages (and perhaps by Schwann cells), both of which are
associated with a strong inflammatory response.
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6. IMMUNOLOGICAL STATUS

Without doubt, bacterial infections serve as a highly appropriate model in an effort to better under-
stand the mechanisms involved in tissue damage because human diseases caused by mycobacteria
occur whether or not specific, detectable CMI is present.

It has been well established that host immunity to M. leprae dictates the clinical outcome of the
disease (49,50). Lepromatous patients are thus unable to release IFN-γ in response to M. leprae,
leading to the inability of these individuals to activate monocytes and destroy the bacteria (51).

The crucial role of CD4+ T-helper cells in orchestrating cell-mediated immunity has led to the
belief that macrophage activation via cytokines secreted from major histocompatibility complex
(MHC) class II-restricted, antigen-specific CD4 T-cells is the principal mechanism of protection
against intracellular microbes. Intracellular mycobacterial elimination and granuloma formation
require the differentiation of macrophages into epithelioid cells, the contribution of CD4 and CD8
T-lymphocytes, and the production of cytokines, such as IFN-γ and TNF-α (52). IFN-γ activates
antimicrobial mechanisms in macrophages; in mouse models, it induces nitric oxide synthase, lead-
ing to the production of nitric oxide, a powerful microbicidal molecule (53).

The concept that IFN-γ production and consequent development of effective CMI results in bacilli
elimination was confirmed in humans following the identification of disseminated mycobacterial infec-
tion in individuals with inherited IFN-γ receptor (IFN-γR1) deficiency (54), as well as in mice (55).

In leprosy, the emergence of M. leprae-specific IFN-γ-producing cells has been associated with
protection in healthy household contacts (56). The induction of IFN-γ secretion has been also
described as a major effect of BCG infection, both in experimental models (57) and, more recently, in
humans (58) and has been associated with its protective effects. Upon BCG vaccination, it has been
demonstrated that household contacts of leprosy patients presented positive proliferative T-cell response
as well as high IL-2 and IFN-γ production toward several mycobacterial antigens in vitro (59). More-
over, it was demonstrated that systemic BCG administration at the peak of M. leprae infection modi-
fies the evolution of the immune inflammatory response initially induced by M. leprae in the mouse
footpad (60). Coinfected mice presented a more effective clearance of M. leprae and enhanced exp-
ression of TNF-α and IFN-γ mRNA in the infected tissue.

Believed to be another important mediator of protection against infections, TNF-α is an inducible
cytokine covering a wide range of proinflammatory and immunostimulatory activities (61). The pro-
tective role of TNF-α has been suggested in earlier studies in which immunization against this
cytokine in mice blocked granuloma formation in response to M. bovis (BCG) infection (62) and that

Fig. 2. Attachment of M. leprae to Schwann cells. The M. leprae-laminin-α2 complex binds to α/β-
dystroglycan complexes expressed on the surface of the SCs that seems to mediate bacterial binding and entry
into the cell.



Th1 Cytokines in Host Defenses 169

TNF-α increased the resistance against M. avium infection (63). TNF-α knockout mice experiments
also showed TNF-α to be essential for the control of M. tuberculosis and Trypanosoma brucei infec-
tion (64,65).

In a previous study, it was recently demonstrated that enhanced production of TNF-α and IFN-γ as
well as decreased production of IL-10 occurred in TT leprosy patients in response to M. leprae in
vitro (59), supporting a role of the aforementioned cytokines in protection and of IL-10 in the induc-
tion and/or maintenance of the anergy in lepromatous leprosy (66). Moreover, detection of serum
TNF-α has also been described in BT/TT forms (67,68), patients with PB leprosy were found to
express TNF-α mRNA in blood mononuclear cells (69); and in vitro TNF-α production was
enhanced in tuberculoid when compared to lepromatous (LL/BL) patients (70).

Recent studies have focused on the cytokine profile of reactive T-cells. Following what was first
described in the mouse model (71), it has been proposed recently that the two stable polar forms of
leprosy reflect the dominance of the two major T-cell subpopulations. The hypothesis that the spec-
trum of leprosy reflects the balance between T-helper (Th1 and Th2) cell populations activated by the
mycobacterium (72) is indeed exciting. Yamamura et al. (73) have shown a predominant expression
of type 2 cytokines mRNA (IL-4 and IL-10) in lepromatous lesions, hence favoring the humoral
response, whereas the type 1 cytokines (IL-2 and IFN-γ) predominate in tuberculoid lesions. The
secreted cytokines of Th1 and Th2 cell types can mutually regulate and inhibit each other’s functions
(74). Therefore, the fine balance between the cytokines is important in the resulting nature of the
host’s resistance against the pathogen.

In fact, leprosy is not a stable disease in any of its clinical forms, so much that the above-described
polar forms are rarely diagnosed in the Clinic Units. The in vivo importance of the described Th
subsets has been shown in murine models of bacterial and parasitic infections, where they have been
associated with protection or immunopathology. Such distinct T-cell subsets have been more diffi-
cult to identify in the human system, on which most studies have shown a mixed cytokine pattern. In
a recent report (75), the functional properties of CD4+CD8– T-cell clones isolated from skin lesions
and blood of leprosy patients across the spectrum demonstrated substantial heterogeneity. A variety
of patterns of cytokine secretion distinct from those of Th1, Th2, or Th0 (CD4+ T-cells with an
intermediate cytokine profile) was evident, although no striking correlation with clinical status was
apparent. Clones isolated from the blood were, in general, distinct from those isolated from the skin
and showed a more restricted cytokine secretion profile. Noteworthy was the large number of clones
from skin which secreted neither IL-2 nor IL-4, but large amounts of TNF-α and IFN-γ. In another
study (76), following the analysis of cytokine mRNA expression by reverse transcription–polymerase
chain reaction (RT-PCR) and cytokine secretion in in vitro stimulated mononuclear cells of leprosy
patients, it was found that around 50% of all individuals showed a Th0-like mixed-cytokine pattern,
irrespective of the clinical status of leprosy or the antigen used.

7. CYTOTOXIC ACTIVITY AS AN EFFECTOR MECHANISM
IN MYCOBACTERIAL INFECTION

In recent years, however, the important contribution of CD8+ T-cells and NK cells in acquired
resistance to, at least, particular mycobacterial species and the role of TCR γδ cells in
antimycobacterial immunity (77) have been indicated. In human leprosy patients, a CD8 type 1 and
type 2 cell has also been described. So, as showed by Salgame et al. (78), CD8+ clones from leproma-
tous lesions characteristically produced IL-4 (type 2 cells).

Moreover, studies in mice and humans have demonstrated the mycobacterial induction of antigen-
specific, MHC-restricted CD4+ and CD8+ cytolytic T-cells (79,80). In addition to functioning as a
source of cytokines (80,81), induction of killing of M. tuberculosis-infected target cells by the cyto-
toxic T-cell seems to be mediated through apoptosis (82), a phenomena that, although still controver-
sial, may well correlate with the elimination of the bacteria in phagocytes (82,83) and with the
resolution of infection (84).
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An additional mechanism by which T-cells contribute to host defense against microbial pathogens
is through the release of the antimicrobial granulysin. It has been recently demonstrated that
granulysin and perforin (present in the cytotoxic granules of CD8+ T-cells) act synergistically to kill
intracellular M. tuberculosis (85). Ochoa et al. (86) demonstrated a higher frequency of granulysin-
expressing CD4+ T-cells in tuberculoid leprosy lesions as compared to lepromatous. Given that the
release of granulysin can also induce apoptosis of human cells (87), it can possibly provide a mecha-
nism for clearing infected cells from the site of infection.

More recently, a novel class of T-cell receptor ligands and antigen-presentation molecules have
entered the scene. T-Cells can also recognize nonpeptide ligands such as mycobacterial mycolic acids,
lipoarabinomannan, and isopentenyl-phosphate groups (88,89). Lipid and glycolipid ligands can be
presented by non-MHC-encoded but MHC-like molecules CD1. The presence of CD1+ dendritic cells
at sites of M. leprae infection has been associated with an improved clinical outcome (90). It is com-
pletely unclear, however, to what extent these novel T-cell receptor ligands precisely contribute to
protective immunity or immunopathology in naturally occurring chronic infection in humans.

The availability of knockout (KO) mice strains provided, on the other hand, intriguing additional
information. Neither perforin, granzyme, nor CD1d KO mice (91,92) showed increased susceptibil-
ity to infection with M. tuberculosis, suggesting that, at least, CD8 cells may exert their effects through
the secretion of IFN-γ (93) rather than/in addition to a cytotoxic mechanism (like the demonstration
of CD1-restricted CD8 T-cells) (93,94). The use of tetramers for identification of MHC class I-re-
stricted epitopes within mycobacterial antigens will allow the detection of antigen-specific CD8+

T-cells (or for CD1 cells) in the blood of patients and vaccinated donors (80,95,96).

8. IS THERE ONLY ONE MECHANISM TO EXPLAIN
NONRESPONSIVENESS IN LEPROSY?

Although there have been several attempts to understand immunosuppression in leprosy, the exact
mechanism(s) of nonresponse remains unclear. Cellular anergy observed in lepromatous patients
appears to be M. leprae-specific because the immune response against other antigens is largely nor-
mal (97). Following the initial speculation on the role of suppressor T-cells (98,99), other mecha-
nisms have also been considered.

As related to Th1/Th2 response, whereas there is accumulated information available on the role of
Th2 cells to inhibit Th1 cell function, it is not clear what mechanisms actually lead to the preferential
differentiation of Th2 cells in response to bacterial antigens instead of the Th1 population. It has been
postulated that the nature of the antigen, the type of antigen-presenting cell (APC), or the type of
cytokine (either IL-12 or IL-4) present initially in the microenvironment of the infected tissue may all
play a role (100).

It has been proposed that human leukocyte antigen (HLA) genes are important genetic factors in
leprosy. It has now become evident that these HLA genes do not determine susceptibility to leprosy
per se but rather control the type of leprosy that develops upon infection of susceptible individuals.
Interestingly, among the susceptible individuals, those with HLA-DR3 develop tuberculoid leprosy
more often, whereas those with HLA-DQ1, develop the lepromatous form more often (101). Although
HLA alleles may play a role in controlling the development of the type of leprosy, genetic predispo-
sition is only one factor in the complex process leading to disease, the end result of which is probably
dependent on the interplay of several host genes.

Most intriguing is the recovery of specific M. leprae responsiveness that has been identified in
some lepromatous patients in several experiments in which (1) the addition of IL-2 in patients’ cul-
ture was able to restore the M. leprae unresponsiveness in some patients (102), (2) preincubation of
patients’ culture without any stimulus reversed the specific T-cell unresponsiveness (103), (3) there
was the presence of M. leprae reactive T-cells in lepromatous patients during reactions (104,105); (4)
upgrading aspects in the lepromatous lesions with increasing numbers of CD4+ cells were observed
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following PPD, rIFN-γ, and rIL-2 intradermal injection (106), (5) there was the emergence of spe-
cific CMI in some long-term treated lepromatous patients (107), and (6) unresponsiveness to M.
leprae could also be overcome in vitro by stimulation of PBMCs with M. leprae components (108).
In these patients, at least some T cell clones potentially reactive to M. leprae have not been deleted.
So, other mechanisms that might be able to explain immune tolerance must have been at work.

The concept that tolerance might exist at different levels in vivo was first proposed by Arnold et
al. (109). In this scheme, anergy was considered as a single stage from which cells could be rescued.
Other stages included receptor downmodulation and deletion. It has been argued that anergy is a
slightly slower form of T-cell death by apoptosis. Peripheral deletion of T-cells may involve engage-
ment of Fas and Fas ligand or the TNF receptor by TNF (110,111), a phenomenon that was recently
proposed to apply to leprosy, tuberculosis, or Trypanosoma cruzi infection (112–114). Alternatively,
it is conceivable that deeper states of anergy, representing repeated antigen stimulation, might lead to
a more rapid elimination of the cells by way of homeostatic mechanisms other than Fas- or TNF-
mediated killing. Indeed, cells anergized either in the presence of IL-10 or by repeated injection of
superantigens have been demonstrated (66,115).

Lepromatous patients carry a high load of bacilli that may play a role in the in vivo induction of
immune tolerance. As mentioned earlier, mycobacterial components, such as PGL-1 and other LPS-
like molecules, seem to have a role in inhibiting T-cell and macrophage function (33,35). On the
other hand, secreted factors from adherent cells of lepromatous patients inhibit the proliferation of
lymphocytes isolated from healthy individuals (116,117). These factors were identified as IL-10 and
prostaglandin E2 (PGE2) (117).

In a recent work, major alterations in the expression of signal transduction molecules in lepromatous
leprosy (LL) patients were observed. Zea et al. (118) have reported a decreased T-cell-receptor ζ-chain
expression, decreased p56lck tyrosine kinase, and a loss of nuclear transcription factor NF-κB p65.

In another study, the low responsiveness observed in LL patients could be attributed to low levels
of expression of B7-1 and CD28 in the PBMCs and also in the lesions (119,120). Moreover, the
lymphocyte proliferative response induced by M. leprae in tuberculoid patients was inhibited with
anti-B7-1 antibody. Such accessory molecules, like CTLA-4 (121), have also been implicated in the
induction of tolerance in experimental models.

Interleukin-10 has been described as a potent antagonist of cutaneous T-cell-mediated immune
responses, as it suppress the proliferation of CD4+ T-cells (Th1-type cells) as well as the macrophage’s
ability to express MHC class II molecules (122), the inflammatory responses, and the production of
TNF-α both in vivo and in vitro (123). IL-10 was found to be enhanced in lepromatous patients,
suggesting that it could mediate immunosuppression in leprosy (59,66,124). In this connection, it
was demonstrated by Sieling et al. (66) that the major source of IL-10 is not lymphocytes but mono-
cyte/macrophages triggered by M. leprae. IL-10 together with IL-4 can suppress multiple compo-
nents of CMI, including macrophages themselves.

In a similar way, transforming growth factor (TGF)-β, a cytokine with downregulatory properties
on T-cell and monocyte functions, has been detected more abundantly in lepromatous than in tuber-
culoid lesions (Foss, unpublished observations). In addition to monocytes, another subset of CD4+ T-
cells (Th3 cells) has been described to produce TGF-β and to be related to induction of tolerance and/
or suppression of Th1 activities (125,126). TGF-β inhibits IFN-γ production but seems to favor IL-10
secretion (127).

The importance of macrophages in directing the immune response to M. leprae appears to include
the secretion of IL-12, a heterodimeric cytokine that promotes CMI (128). In another set of experi-
ments, recombinant IL-12 (rIL-12) induced a proliferative response to M. leprae in the PBMCs of
about 50% of the unresponsive lepromatous patients. It was particularly effective when used in com-
bination with anti-IL-10 (129,130). M. leprae infection can induce the production of IL-12 and IL-18
(129,131) by macrophages, which, together, can potentially promote the development of a Th1
response (132,133).
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9. INTERINDIVIDUAL DIFFERENCES IN CYTOKINE PRODUCTION

Cytokine release in the microenvironment neighboring the site of the lesion is a critical compo-
nent in controlling the nature (cell-mediated versus humoral response), severity, and duration of the
response against the infectious agent. The production of cytokines and expression of receptors is
under tight but complex biological control, including negative and positive feedback by the cytokines
themselves.

It has been proposed that in humans, a great diversity in the profile of cytokines secreted by
T-cells is a common finding in that it presents as a dynamic system that would very likely lead to a
continuous spectrum of response, in which Th1 and Th2 cells would merely represent the opposite
extremes (134). In addition, the interindividual differences in cytokine production will add another
variable to the complex of non linear interactions present in the cytokine network (135) that will have
the potential to influence the various immune and inflammatory responses in several diseases.

It is then possible that the outcome of M. leprae infection would, in any case, lead to the resolution
of infection following the induction of IL-12, IL-18, TNF-α and IFN-γ cytokines. However, in some
individuals, their genetic background would provide the scenario for a lower initial response, (innate
and/or specific immune response), allowing for subsequent bacterial multiplication and then the estab-
lishment of different levels of nonresponsiveness that are present across the spectrum of leprosy.
With regard to genetic background per se, a variety of other immunogenetic polymorphisms seems to
be implicated in human infectious diseases, cytokine genes being the more relevant ones. Polymor-
phisms in a number of cytokine genes, such as IFN-γ, IL-10, IL-4, and TNF-α may well explain the
differing patterns of response observed in lepromatous versus tuberculoid patients.

The location of TNF-α within the MHC has prompted much speculation about the role of TNF-α
genes in the etiology of HLA-linked diseases. Molvig et al. (136) showed stable individual variations
in TNF-α secretion by human monocytes stimulated with LPS. Low- and high-TNF-α producers
were detected and it was speculated that individual susceptibility to Gram-negative infection might
be dependent on these variations. It was also demonstrated that culture supernatants from LPS-stimu-
lated monocytes or mitogen-stimulated blood mononuclear cells from HLA-DR3 individuals have
higher TNF-α activity than those from DR-2 individuals.

10. TNF-α GENE POLYMORPHISM

The variability of the host response to infection has been demonstrated to be genetically controlled
in animal models and, more recently, in humans as well. Genes such as human natural resistance
associated macrophage protein 1 (NRAMP1) and TNF-α, capable of bridging both innate and adap-
tive immune responses, may be involved in the resistance to mycobacteria. In recent studies, an
association of susceptibility to leprosy and the NRAMP1 haplotypes was found among Vietnamese
leprosy families (137,138), which for the first time, provided evidence in support of a potential role
for a non-HLA gene and the development of disease.

Polymorphisms have been described in several cytokine genes, including those encoding for TNF-α.
Of the 17 described polimorphic variations, to date, only three biallelic variations in the TNF-α gene
promoter, respectively at positions –308, –238 (G→A substitution), and –863 (C→A), were related
(139–141), but not unequivocally demonstrated (142,143), to differential expression of the gene and
secretion of the protein. The presence of the –308 mutant allele (TNF2) seems to influence the clini-
cal course of cerebral malaria, mucocutaneous leishmaniasis, and meningococcal disease, all syn-
dromes related to enhanced TNF-α levels (141,144,145). Experiments with gene reporter assays and
evaluation of TNF-α production in vitro have demonstrated enhanced induction of TNF-α in TNF-
α2 carriers (139,141).

Inflammatory reaction is an essential step of the defense mechanisms of the body. It activates the
immediate nonspecific antimicrobial effectors and it is clearly required in the initiation of antigen-
specific immune responses. So far, it is clear that the inflammation induced in situ by these cytokines
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is required for a successful antimicrobial response. As mentioned earlier, IFN-γ and TNF-α exert a
crucial role in granuloma formation and clearance of the bacteria. To determine whether this
response was related to a genetic predisposition in leprosy, the typing of TNF-α polymorphism has
been performed in different groups of patients. An association of the TNF2 mutant allele with the
development of lepromatous leprosy was demonstrated previously in an Indian population (146).
Within a Brazilian population, the frequency of the TNF2 allele has more recently been found to be
increased in healthy controls (heterozygous individuals) as compared to leprosy patients (147), imply-
ing that the presence of TNF2 could be a predisposing genetic factor against development of the
disease. Although not significant, the proportion of TNF2 was enhanced in paucibacillary (PB) ver-
sus multibacillary (MB) patients (147). Moreover, analysis of lepromin skin test reaction among
TNF2 carriers and noncarriers, in PB leprosy, showed enhanced induration size of the in the former
group of patients (148). Once the TNF2 allele alters the level of TNF-α gene transcription and the
generation of the protein, the presence of TNF2 may then increase the resistance of the host to local
infection by increasing the production of TNF-α at the infection site in parallel to an enhanced risk of
disease if local immune defenses fails. The persistence of the mutation in healthy control individuals
may indicate a selective advantage on the part of TNF2 carriers (149). Because TNF-α promotes
antimicrobial mechanisms, it is possible that the TNF2 allele is maintained because heterozygotes
possess an optimal level of TNF-α response against a broad range of infections. Accordingly, in vitro
studies showed that healthy TNF2 heterozygotes released enhanced amounts of TNF-α in response to
LPS when compared to the noncarriers (150).

11. REACTIONAL STATES IN LEPROSY

In the course of leprosy, a reasonable proportion of patients (mostly borderline patients) will develop
reactional episodes of acute inflammation, accompanied or not by systemic symptoms, affecting the
skin and nerves. These reactional states are classified as Type I (RR, which occurs in BT, BB, and BL
patients) or Type II (ENL, which occurs in BL and LL patients) reaction depending on the clinical
characteristics of the acute episode and its immune background (151–153). Both the precipitating fac-
tors and the physiopathological mechanisms involved in reactions remain ill-defined. In light of the
current knowledge, these acute episodes of immunological and inflammatory responses are most likely
associated with changes in immune reactivity that seem to be occurring in both types of reaction.

Clinically, patients with RR present with new inflamed lesions might present systemic symptoms
and other signs of acute inflammation that could lead to nerve function impairment. Both the previ-
ous and the new lesions show histological features characteristic of a tuberculoid lesion. ENL is
characterized by the appearance of crops of painful, erythematous, subcutaneous nodules, not related
to the former leprosy lesions, associated or not with systemic manifestations of pyrexia, malaise,
lymphadenopathy, neuritis, arthralgia, and loss of weight. Fragmented bacteria is a common finding
in the reactional tissue.

Histologically, reactional lesions contain dense cellular infiltrate, composed predominantly of
CD4+ T-cells, monocytes, and neutrophils (only seen on Type II reaction). It is also accompanied by
increases in epidermal thickness, keratinocyte MHC class II antigen expression, the number of epi-
dermal Langerhans’ cells, and the presence of intraepithelial T-cells in the reactional lesion (154–156).
The presence of Langerhans’ cells in the dermis (only seen in RR), disappearance of the Unna layer,
enhanced expression of intracellular adhesion molecule (ICAM-1) on the keratinocytes, and expres-
sion of leukocyte function antigen 1 (LFA-1) have also been described. In RR, also characterized by
granuloma formation and the presence of differentiated macrophages, likewise found in the previous
anergic lesion, the inflammatory infiltrate reaches the upper dermis and sometimes even touches the
basal layer, whereas during ENL, lesions contain dense cellular infiltrates extending from the lower
dermis to the subcutaneous fat.

Another important observation refers to the fact that histological changes seen in the epidermis are
quite similar in both RR and ENL, despite the differences in the extent of immune reactivation that
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seem to happen in both types of reaction. Although the outcome of this reactivation seems to be the
elimination of bacilli or its constituents, peripheral irreversible nerve damage may occur in a signifi-
cant number of patients.

The occurrence of reactions is considered a clinical emergency, and anti-inflammatory treatment
must be promptly initiated. RR patients are treated with steroids (prednisone), 1 mg/kg weight, and
ENL patients are treated preferentially with thalidomide (300 mg/d) or pentoxifylline (a
methylxantine derivative), associated or not with steroids (157–159). Thalidomide must not be admin-
istered to females of child-bearing age (160).

12. IMMUNOLOGICAL REACTIVITY AND CYTOKINE
PRODUCTION DURING LEPROSY REACTIONS

One may speculate that reactions occur in the course of leprosy when a patient develops increased
cell-mediated immune response against M. leprae, when the patient’s clinical state could move toward
the tuberculoid end of the spectrum. These acute inflammatory episodes are often seen to evolve in MB
patients, who are unable to respond properly to M. leprae. They comprise spontaneously-occurring
events that do not take place in any other known disease and offer unique opportunity for studying the
changes that occur in an individual’s immunological response during the course of a chronic infection.

Notwithstanding the application of the Th1×Th2 paradigm to the polar spectrum of leprosy (73),
the occurrence of reactions provides new insights into the mechanisms of immunological regulation
during host–pathogen interaction, demonstrating that reactional episodes might, in fact, represent an
immune-inflammatory breakthrough even in a previous un(low)responder patient. The potential for
patients developing Type I or Type II reaction depends on multifactorial variables that necessarily
include genetic features, HLA haplotype, immunological background, and bacillary load, among
others. This is particularly true in light of the observation that ENL is most often experienced by
lepromatous patients (BL/LL forms), whereas BB patients more often develop RR. Interestingly, in
BL patients, both types of reaction occur at a similar frequency rate (161).

The RR patients are able to respond in vitro to M. leprae and in vivo to the lepromin skin test
(105). Re-emergence of CMI associated to upregulation of IFN-γ production has been largely accepted
in a reversal reaction (162,163). An initial low-responsive state (Th2 cytokine profile) typically
migrates to a high-responsive profile (Th1 cytokines), an indication that these patients are then capable
of performing mRNA syntheses and cytokine secretion (163,164). This present status thereafter leads
to granulogenesis and to enhanced macrophage microbicidal activity. Furthermore, CMI response
detected during RR has been associated with enhanced bacterial clearance (systemic bacterial load)
when compared to unreactional MB patients (165). Thus, RR episodes occurring in unresponsive MB
patients may represent a unique moment in the course of leprosy infection during which breakage of
the anergic state takes place.

Nevertheless, regulation of the immune response that is underway during ENL is not yet fully
understood. Although the Type II reaction is thought to be the result of immune complex-mediated
injury (166,167), some authors have showed a transient increase in M. leprae-specific CMI response
during ENL (104,168). More recently, several groups have indeed demonstrated that the re-emer-
gence of the immune response in lepromatous patients seems to occur in both types of reaction
(69,169–171).

The ultimate concern in leprosy research must be the identification of inflammatory cytokines
involved in the induction of tissue damage. Once the occurrence of systemic manifestations and of
neuritis are more often seen during reactions, it has been hypothesized that upregulation of Th1
response in these patients leads also to the immunopathology associated to reactions.

Evidence implicating TNF-α as a pivotal molecule in this process exists. TNF-α seems to be a
natural anti-infectious agent involved in bacterial resistance, which, depending on the quantity and
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the time period over which its production is sustained, may exert either a beneficial or deleterious
effect (61). TNF-α and IL-1β levels have been reported to be elevated in the sera of ENL patients
(172,173) and in the lesions of ENL (69,174) and RR patients (175). Further support for the role of
TNF in the local and systemic manifestations of reaction was provided from studies that showed
thalidomide (the drug of choice for treatment of ENL) to inhibit LPS- and mycobacteria-induced
TNF-α production by monocytes in vitro (176). Moreover, higher TNF-α secretion was detected in
untreated reactional patients (ENL) as compared to thalidomide-treated patients, normal individuals,
or lepromatous patients without ENL (70,177,178); treatment with thalidomide reduced serum TNF-
α levels and the histological manifestations observed in situ in ENL patients (179). Additionally,
pentoxifylline, a previously known TNF-α inhibitor (180), has been shown to be useful for treating
ENL (181,182). Clinical improvement following anti-inflammatory treatment paralleled the decrease
in TNF-α levels detected both in serum samples and from stimulated cells in vitro, and TNF-α mRNA
expression at the lesion site (174,183). Because reactivation of the cellular immune response has
been suggested, the participation of other immuno-inflammatory cytokines that may be related to
augmentation/inhibition of TNF-α production should also be considered. It has been reported that (1)
intradermal injection of rIFN-γ into lepromatous patients could trigger ENL through the amplifica-
tion of M. leprae-induced TNF-α production both in vivo and in vitro (177), as well as decreased
bacterial load and viability in these same patients (177,184,185), (2) IFN-γ protein was detected in
the serum of some ENL patients (179), and (3) in addition to TNF-α, an enhanced expression of IFN-γ
mRNA at the lesion site (and in the blood) was observed during the reaction (ENL) as compared to
before the reaction (69).

In addition to IFN-γ, a role for cell–cell contact (monocyte-activated T-cell) in the amplification
of M. leprae-induced TNF-α secretion has been suggested (186). On the other hand, the participation
of NK cells or γδ T-cells as a source for IFN-γ (or TNF-α) in situ cannot be formally excluded. In
synergy with that, it has been shown that IL-12 plays a major role in innate as well as in adaptive
immunity and inflammation and induces (together with TNF-α) the early production of IFN-γ by NK
cells and even uncommitted bystander T-cells (128,187). IFN-γ and IL-12 may be considered impor-
tant mediators to control immune responses against intracellular bacteria. Moreover, these cytokines
might be a contributing factor in the deleterious effects classically attributed to TNF-α. The notion
that their overwhelming or unbalanced production can contribute to undesirable inflammatory side
effects must be validated. Several data point to IL-12 as playing a critical role in the pathogenesis of
Th1-mediated autoimmune diseases (188). In line with these findings, in vitro and in vivo detection
of IL-12 production in the resistant forms of leprosy (129,132) has been recently demonstrated. Fur-
ther results confirmed that the majority of patients expressed IFN-γ and IL-12 mRNA in the skin
while undergoing reaction (69). Kinetic studies performed in vitro showed early and enhanced
M. leprae-induced TNF-α production (mRNA and protein) from ENL patients’ cell cultures fol-
lowed by a delayed IL-10 response (Sampaio, unpublished data). Hence, the data favor the idea that,
in an unresponsive patient, induction of IFN-γ can overcome the patient’s unresponsiveness by inhib-
iting IL-10 and augmenting IL-12 production. Again, it can be hypothesized that IL-10 is working as
a potent immunosuppressor of Th1 responses, whereas a breakthrough of this steady state can tran-
siently revert the low immunological profile to a highly responsive inflammatory condition.

Alternatively, the possibility cannot be excluded that transient IFN-γ production by Th2 cells is
operative in ENL patients’ lesions as opposed to a more established production of IFN-γ (and TNF-α)
by Th1 clones in RR (189). It was recently reported that IL-12 induced the differential expression of
the β2 subunit of the IL-12 receptor (IL-12Rβ2) on established Th1 and Th2 cells (190). It has been
suggested that the IL-12-induced transient upregulation of the IL-12Rβ2 transcripts in Th2 clones
may account for the transient production of IFN-γ in cells with an established Th2 phenotype (191).
Quantification of IL-12R transcripts and of subtle differences in mRNA expression (IFN-γ, TNF-α,
IL-12) between ENL and RR in situ need to be further investigated.
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The occurrence of sequential ENL and RR in one individual patient indicates further that both
reactions share similar immunological backgrounds. Similar cytokine mRNA profiles were observed
in the lesions of the same patient during RR and ENL, although the presence of γδ T-cells was
detected in RR but not in ENL lesions (192). Thus, the definition of the type of response observed
clinically and histologically may result from the temporary stimulation of different T-cell subpopula-
tions, under the selection of different antigens by the antigen-presenting cells (APCs), taking place in
a microenvironment in which the amount of live and dead bacteria fluctuates in the course of the
chronic infection. Follow-up evaluation of cytokine mRNA expression in reactional skin indicated
further that improvement of patients’ clinical symptoms following in vivo administration of anti-
inflammatory treatment (either prednisone, thalidomide, or pentoxifylline) was associated with the
decreased expression of TNF-α (174,183), IFNγ, and IL-12 (183) mRNAs, whereas worsening of
their clinical conditions correlated to the maintenance of cytokine mRNAs levels (see Fig. 3). There-
fore, monitoring of cytokine mRNA expression in situ may allow early indication of occurrence and
evolution of reactional inflammation in leprosy.

13. NERVE DAMAGE DURING REACTIONS
From the point of view of clearing the bacteria, upgrading responses might be considered beneficial.

However, the inflammation in nerve tissue may turn into permanent damage and disability if not treated
adequately. A finding of considerable clinical importance is that many patients, even after MDT and
lacking viable M. leprae, nevertheless present with significant nerve damage and persistent neuritis.
Whether this is caused by dead bacteria or the attempt to clear the bacteria or their components is not
clear. Steroid therapy administered prior to the onset of significant nerve damage is often able to pre-
vent these permanent disabling symptoms. However, in some cases, prompt and adequate oral pred-
nisone seems to have very little effect on the recovery of persistent nerve lesions (193,194). It is known
that successful axonal regeneration occurs exclusively within the endoneurial tubes lined by SC basal
laminae (195) and that degradation and remodeling of extracellular matrices are important aspects of
the regenerative process (196). Therefore, it will be important to pursue new therapeutic interventions
capable of promoting axonal regeneration in these patients, such as the use of neurotrophic factors,
antimetalloproteinases, and vitamin B12, once they are available for clinical trials.

Several pathogenic mechanisms may be responsible for nerve damage in leprosy, including bio-
chemical interference of M. leprae with host cell metabolism, mechanical damage resulting from the
large influx of cells and fluid, or immunological damage. Antigen-specific T-cell-mediated hyper-
sensitivity to M. leprae antigens is associated with the pathogenesis of nerve lesion in the tuberculoid
forms of leprosy and it is observed more frequently during acute reversal reactions (6). However, the
mechanism of nerve damage in the lepromatous forms of the disease is still unknown. Because reac-
tions are accompanied by an increased CMI response and because acute nerve damage particularly
occurs during these episodes, a role for the immunoinflammatory response deserves particular con-
sideration (197). The expression of TNF-α mRNA and protein in the skin and nerves of RR patients
(175) points to a central role of TNF-α in the pathophysiology of nerve damage in leprosy.

There is evidence that TNF-α contributes to the pathogenesis of neurological autoimmune dis-
eases such as multiple sclerosis and experimental allergic encephalomyelitis, among others (198). It
has been pointed out that this cytokine exerts damaging effects on oligodendrocytes, the myelin-
producing cell of the central nervous system, and myelin itself (199,200), and has a central role in
augmenting inflammatory demyelination. In rat SCs, combination of TNF-α and TGF-β has been
reported to cause significant SC detachment and lysis (201).

In addition to the proposed direct effect of TNF-α in neural injury across the entire spectrum of
leprosy, re-emergence of antigen-specific CD4+ T-cells has been considered to have a role both in
protection as well as leading to immunopathology (see Fig. 4). CD4+ T-cells are more abundant in
skin lesions of patients with reaction, and the anatomical location of CD4+ T-cells containing cyto-
toxic granules has been reported (162). In addition, murine SCs have already been shown to function
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as APCs for CD8+ cytotoxic T-cells in a MHC class I-restricted, mycobacterial antigen-dependent
manner (202). It was also demonstrated that expression of HLA class II on human SCs and that IFN-
γ and TNF-α action as well as M. leprae invasion resulted in upregulation of MHC class II by rodent
SCs (203,204). Thus, SCs may be actively involved in the immunopathology of leprosy neuritis by
presenting M. leprae antigens to cytotoxic T-cells (42).

Fig. 3. Inhibition/augmentation rates of cytokine mRNA expression in leprosy reactional tissue. Follow-up
analysis by semiquantitative reverse transcription–polymerase chain reaction (RT-PCR) of TNF-α, IL-6, IFN-
γ, IL-10, and IL-12 mRNA expression in biopsies obtained at the onset of the reaction episode and during anti-
inflammatory treatment. Following hybridization to specific internal oligonucleotides, X-ray films were
analyzed by densitometry and the relative amounts of cytokine mRNA in the tissue were compared between
samples from each patient. Variation rates (%) in mRNA expression were established after comparison of the
intensity of PCR bands between treated and reactional biopsies in the same individual. (A) Downregulation of
cytokine mRNA expression following thalidomide treatment correlated with improvement of patient´s clinical
conditions. (B) Persistent cytokine message expression after 7 d of pentoxifylline treatment correlated with
maintenance of inflammation in vivo in one patient.
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As an alternative mechanism, expression of the neural cell adhesion molecule (N-CAM), also called
CD56, on both target and effector cells has been hypothesized to be of importance. In addition to NK
cells, N-CAM expression has also been observed on some CD4+ T-cells in relation to multiple sclerosis
(205). These cells were able to kill N-CAM-positive oligodendrocytes in an antigen-independent man-
ner (206). It was also revealed that coadhesion via other molecules (CD54 and CD11a) was essential for
establishing target lysis. As proposed by Spierings (207), this mechanism may also be involved in
leprosy neuritis, because cells derived from inflamed neural tissue show increased N-CAM expression
when compared to peripheral T-cells. These hypotheses are currently under investigation.

14. FINAL CONSIDERATIONS

In considering the M. leprae genome, one could say that this mycobacterium is a dying pathogen.
On the other hand, the overall characteristics discussed herein may well suggest that M. leprae
evolution’s within the human host is so long and intimate that mycobacterium evolution has been
reduced to the amount of information sufficient enough to achieve infection and ensure perpetuation
of the species. Thus, because of its extraordinary long generation time, M. leprae developed silent
mechanisms of entry and survival within unusual cells (Schwann cells) that although it does not
guarantee 100% of the individuals to be infected, for the few in whom infection actually succeeds, it
warrants bacilli maintenance and dissemination. That is another of its feature that makes leprosy so
unique and that requires special efforts to control, eliminate, and eradicate it.

It is obvious that the study of lepromatous versus tuberculoid forms is a common generalization of
the infection and disease progression because clinical manifestations are the outcome of a very slow
and complicated interaction between the bacterium and the host. In this regard, it is still a difficult
task to define whether the lepromatous polar form (LL) is (1) the end process of a gradual evolution
toward downregulation of the specific immune response (that has gone through several intermediate

Fig. 4. The dual role of Th1 responses in leprosy: protection and immunopathology. Re-emergence of the
immune responses during the natural course of disease leads to cellular activation and expression of activation
molecules at the lesion site in parallel to an exacerbated inflammatory response and tissue damage.
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phases) or (2) the outcome of host–pathogen interaction that, since the beginning, is predetermined to
experience an immunological shutdown.

Considering that inflammatory reactions interrupt the clinical course of leprosy, it might be sug-
gested that the disease exhibits an unique immunological pattern that is based on complex interac-
tions between cells and secreted factors that may well represent a dynamic but chaotic behavior
(135). In this model, nonlinearities in cytokine interactions implicate that the output is not necessar-
ily proportionally related to the input. It is, therefore, postulated that continuous exposition of pa-
tients to M. leprae leads to infection that in some individuals evolve to the tuberculoid pole because
of an early and strong immunity (Th1 response) that controls bacilli replication (TT and BT forms),
whereas in others, because of delayed and/or absent immune response, it slowly evolves to a level of
higher bacillary load and inactivation of macrophage functions, leading to more profound levels of
non response and, ultimately, to the establishment of a Th2 profile (lepromatous pole). Up to this
moment in the course of disease, it does not mean that Th1 responses were completely shutdown. The
rate of immune reactivity in this phase might define the clinical outcome (borderline forms). In fact,
at this stage (when rescue of specific CMI is more easily achieved), immune reactivity can emerge
naturally, as the so-called reactions. Depending on the number of bacteria, MHC restriction, and
spatial/temporal cell-type activation, this immune reactivation is clinically observed as RR or ENL.
It is noteworthy to consider that as a result of the chaotic regulation of cytokine secretion (135,208),
even a subtle activation process may trigger an exacerbated inflammatory response. Thus, the defini-
tion of key cytokines/mediators that serve as immunological markers of these different states can
definitely contribute to a better understanding of this paradigmatic but still mysterious disease.
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Possible Role of Molecular Mimicry in Lyme Arthritis

Abbie L. Meyer and Brigitte T. Huber

1. MOLECULAR MIMICRY

1.1. Introduction to Molecular Mimicry
Molecular mimicry has been raised as an important hypothesis to explain the onset of inappropri-

ate responses to self-antigens in some autoimmune diseases. This mechanism is defined by the pres-
ence of shared amino acid (aa) regions between foreign and self-proteins. Examples of presumed
mimicry have been reported for epitopes recognized by both T- and B-cells. In the mimicry model,
the initiation of autoimmune symptoms is believed to be the result of the persistence of immune cells
generated by the host in response to an infectious agent (see Fig. 1A). These cells then recognize
similar or identical epitopes within host tissue (see Fig. 1B). True molecular mimicry is marked by
the cross-reactivity of a strong microbial antigen with a tissue-specific or ubiquitous host epitope.
Once an immune response is generated, the persistence of the microbial antigen is not necessary for
the maintenance of the immune response.

Several lines of evidence suggest that cross-reactive T-cell epitopes must be identical or nearly
identical in linear amino acid sequence to the initiating microbial region. The length of the linear
sequence, usually at least 12–14 amino acids for major histocompatibility complex (MHC) class II
(1,2), is limited by the size of peptide that can be processed and presented by the MHC molecule and
recognized by the T-cell receptor (TCR). Certain amino acids within the peptide epitope are neces-
sary for binding to the MHC in the binding groove through their side-chain interactions (see Fig. 2,
dark ovals). Because of conformational constraints, the side chains from alternate amino acids extend
away from the MHC molecule. These amino acids form the surface that the TCRs on the reactive T-
cell recognizes (see Fig. 2, gray ovals). As illustrated, there are amino acids that are necessary for
binding to the MHC, and others for binding to the TCR (3). The side chains of these amino acids must
fit into pockets of the receptors. Some amino acids do not appear to be specific for binding either
TCR or MHC, which suggests that some variability in linear amino acid sequence can be tolerated
(see Fig. 2, white ovals). Additional MHC-binding flexibility may occur, as long as the side-chain
characteristics of the peptide (i.e., acidic, basic, hydrophobic, etc.) remain the same (4). For B-cell or
antibody epitopes, on the other hand, similar three-dimensional motifs are required and amino acids
that make up the mimicry confirmation may be spaced many amino acids apart.

Lyme arthritis is caused by infection with Borrelia burgdorferi (Bb) transmitted through the bite
of an infected Ixodes tick. In some individuals, the symptoms of arthritis persist despite long courses
of antibiotics given to eradicate the spirochetes. These individuals have treatment-resistant Lyme
arthritis (TRLA) and often have MHC class II alleles that are also associated with an other inflamma-
tory disease, rheumatoid arthritis (5). Furthermore, these patients develop detectable antibody and T-
cell proliferative responses to outer surface protein A (OspA) of Bb that correlate with the onset of
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Fig. 1. Mimicry epitopes. (A) During microbial infection, the host antigen-presenting cells (APCs) process
microbial proteins and present epitopes that have been selected by their ability to bind to major histocompatibil-
ity complex (MHC) molecules on the cell surface. T-Cells with T-cell receptors specific for the microbial
antigenic epitope recognize the specific peptide/MHC complex, become activated, and expand. (B) Expanded
population of T-cells specific for the microbial epitope recognize homologous host-specific epitopes, remain
activated, and mediate further inflammation or tissue damage.

Fig. 2. A 12-amino-acid peptide interacts with the MHC and TCR. Side chains from selected amino acids fit
into binding pockets of the MHC molecule, leaving other amino acid side chains exposed to TCRs. When the
TCR recognizes and binds the peptide presented in this manner and other costimulatory molecules are bound by
their ligands on the antigen-presenting cell, a signal is transmitted to the T-cell to become activated.

the chronic phase of disease (6,7). Fine epitope mapping experiments revealed that T-cells from
affected individuals respond to specific regions of the OspA molecule. Given these observations, we
propose a mechanism of molecular mimicry to explain the phenomenon of TRLA in genetically
susceptible individuals. To test the significance of the molecular mimicry hypothesis, we compared
the amino acid sequence of the immunodominant Bb epitope to protein database information to deter-
mine if there were homologous human peptides. Gross et al. from our laboratory reported a striking
correlation between the T-cell response to OspA164–175 and the human protein LFA-1αL332–340 (8),
thereby defining LFA-1αL332–340 as a crossreactive epitope. Further experiments with synovial fluid
cells from affected joints of patients with TRLA confirmed the cross-reactive response (8). Leuko-
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cyte function antigen (LFA)-1 is a protein that is abundantly expressed on T- and B-cells, with the
highest expression on T-cell blasts. Also, LFA-1 is upregulated by interferon (IFN)-γ an inflamma-
tory cytokine (9). Consequently, LFA-1 is an excellent crossreactive candidate because it is found at
high levels in the inflammatory milieu of the Lyme-diseased joint (10). Thus, a link is established
between the generation of an immune response to Bb antigens during infection and the possible
misdirection of that response to other epitopes, including one that is highly homologous to a self-
protein found at the site of disease.

1.2. Models of Molecular Mimicry
Molecular mimicry was first described in the early 1980s in the context of antibody responses to

viruses and self (11,12). The first observations included the identification of viruses containing anti-
genic epitopes with similar or identical host determinants. Virus-specific monoclonal antibodies were
identified that crossreacted with host epitopes, implicating crossreactive epitopes in the development
of autoimmunity. Remarkably, once the immune response to the crossreactive epitope was initiated,
the microbe did not need to be present for the persistence of the immune response. T-Cell-mediated
molecular mimicry was first reported when homology between hepatitis B virus polymerase and
myelin basic protein (MBP) was identified (13). This six-amino-acid region of homology was found
within a known encephalitogenic region of the MBP molecule. Interestingly, upon immunization of
rabbits with a peptide containing the homologous region, rabbits developed T-cell responses to MBP
and evidence of central nervous system (CNS) infiltration with mononuclear cells resulting in sub-
clinical experimental autoimmune encephalitis (EAE) (13). Today, molecular mimicry has been
implicated in several other animal models of autoimmune disease, including autoimmune uveitis (14)
and heart disease (15), among others reviewed in refs. 16–18.

The role of mimicry in disease pathogenesis can only be tested experimentally in animal models.
Unfortunately, animal models are unavailable for many diseases for which possible microbial mimics
have been identified. Still, many cases of mimicry have been demonstrated in vitro following the
identification of crossreactive epitopes (17). However, there are only a few instances in which there is
convincing in vivo evidence for mimicry as the causative factor for disease, such as in murine herpes
keratitis. In humans, herpes keratitis is a major cause of blindness. A model of disease can be induced
in genetically susceptible mice by infection with herpes simplex virus-1 (HSV-1) containing the wild-
type herpes virion-associated protein, UL6. Destruction of the cornea is the result of the induction of
T-cell-mediated inflammation (19). Researchers proceeded to develop keratitis-inducing T-cell lines
by which they determined the identity of the keratin-specific protein involved. A database search for
homologous microbial peptides revealed UL6, a HSV-1 peptide with strong homology to the keratitis-
inducing host epitope (see Table 1). When the viral UL6 protein was mutated, altering the mimicry
epitope, infection with mutated virus no longer induced keratitis, presumably because T-cells specific
for corneal antigens are not expanded upon infection. Meanwhile, the possible epidemiological con-
nection between chlamydia infection and human heart disease was explored in another mouse model
of autoimmune disease elicited by microbial mimicry (15). In this model, immunization of mice with
a peptide from the Chlamydia cysteine-rich outer membrane protein (ChTR1) with strong homology
to heart muscle-specific α-myosin heavy chain, results in damage to heart tissue and activation of self-
reactive T-cells. Thus, it is possible to experimentally induce destructive self-reactive responses using
microbial mimics (see Table 1).

1.3. Searching for Mimics
Conventionally, the TCR of the T-helper cell identifies a peptide of approximately 12 amino acids

presented in the peptide-binding groove of MHC class II molecules. Along the length of the peptide,
certain amino acids are necessary for anchoring the peptide to the MHC molecule; these are essen-
tially invisible to the TCR (see Fig. 2). Alternate amino acids are oriented such that they are pre-
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sented to the TCR, forming a surface that is shaped by the way the peptide lies in the groove of the
MHC molecule. How a peptide binds MHC is determined by the amino acid side chain–MHC bind-
ing pocket interaction, which is determined by the characteristics of the amino acid side chains. Thus,
homologous peptides can be identified in at least two ways. In the first method, databases are searched
for highly homologous host peptides using linear amino acid sequences of immunodominant micro-
bial peptides (8,19). In the second method, large numbers of peptides are screened using various
peptide-screening methods. In one example, a peptide library is synthesized that contains a pool of
peptides that may retain amino acids required for binding to MHC, and other amino acids are substi-
tuted at all other positions. Following a screen of the library using peptide-specific T-cell lines, a
consensus peptide can be identified and used to search protein databases (20,21). The latter method
often identifies the minimal peptide requirements. Then, proteins containing the consensus peptides
are tested for cross-reactivity with the peptide-specific T-cell line (see Table 1).

Often, multiple sclerosis (MS) patients report symptoms of microbial infection just prior to the
onset of a relapse. However, no single virus or bacteria has been identified as the responsible agent.
Given the association of relapses with infectious disease, molecular mimicry has been implicated in
the context of multiple sclerosis. To test this hypothesis, Wucherpfennig and his collaborators gener-
ated MBP85–99 specific T-cell clones from an HLA DRB1*1501+ individual with multiple sclerosis
(20). The authors characterized the peptide binding the MHC molecule and developed a set of pep-
tide structural criteria with which they could search protein databases. They synthesized candidate
peptides and then tested their ability to stimulate MS T-cell clones. After screening more than 70
microbial peptides restricted by minimal sequence requirements, they determined that the T-cell
clones could respond to minimally similar peptides from a variety of microbes, including HSV, aden-
ovirus, Epstein–Barr virus (EBV), influenza type A virus, and Pseudomonas aeruginosa (see Table
1). They determined that despite minimal sequence similarity between them, these peptides may
efficiently stimulate MBP85–99-specific T-cell clones. These peptides, derived from many different
organisms, could stimulate self-specific clones, even though the peptides lack significant linear se-
quence homology to the human self-epitope. Furthermore, Quaratino et al. (23) argue that it is the
“antigenic surface” that determines a T-cell’s recognition of a peptide. They reported that this surface
could be made up of as few as three amino acids and is created when the peptide binds to the MHC to
be presented to the T-cell. They used a 12-amino-acid peptide derived from thyroid peroxidase to
stimulate a T-cell clone generated from an individual with Grave’s disease. When other peptides
were presented to the same T-cells, only those that form a similar antigenic surface were stimulatory,
even when 8 of 12 of the other amino acids were identical to the original peptide.

Table 1
Mimicry Peptide Identified

Diseases association Organism Peptide Homology aa sequence

Herpes stromal Human IgG2ab/cornea Linear RKSDSERG
keratitis (19) HSV-1 UL6299–314 Linear RKSDXERG

Treatment-resistant Human LFA-1αL332–340 Linear YVIEGTSKQ
Lyme arthritis (8) B. burgdorferi OspA165–173 Linear YVLEGTLTA

Heart disease (15) Human Myosin614–629 Linear SLKLMATLFSTYASAD
Clamydia ChTR125–40 Linear VLETSMAEFTSTNVIS

Multiple sclerosis (20) Human MBP85–99 Consensus ENPVVHFFKNIVTPR
Epstein–Barr virus DNA polymerase TGGVYHFVKKHVHES
Influenza type A Hemagglutinin YRNLVWFIKKNTRYP
HSV DNA polymerase GGRRLFFVKAHVRES
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Alternatively, molecular mimicry has been defined by homology at the linear sequence level.
First, as mentioned earlier, we have identified peptides with strong linear homology to a Bb OspA.
When GenBank was searched using one of the immunodominant epitopes of OspA, relatively few
human proteins with a linear sequence homology of six aa were identified, including the LFA-1αL
chain (8). In vitro experiments confirmed that the LFA-derived sequence was stimulatory to OspA T-
cell lines. Second, in heart disease, infection with Chlamydia species has been linked to cardiovascu-
lar disease in humans through an unknown mechanism (24,25). In an experimental model of heart
disease, injection of chlamydia-derived peptides with linear homology to murine heart muscle-spe-
cific α-myosin causes mice to develop inflammatory heart disease (15). Third, in an other example of
linear homology, Zhao et al. (19) identified the peptide mimic of the corneal self-antigen epitope
(and coincidentally an epitope also found in a variant of the mouse IgG2a molecule), using linear
sequence homology comparisons. T-Cell clones generated to recognize corneal antigens also respond
to the HSV-1-associated highly homologous peptide (in which seven or eight amino acids are identi-
cal) (19). It is not clear if results from experiments using the minimal TCR surface or the full linear
epitope reveal truly different mechanisms of mimicry or are simply different approaches attempting
to answer the same question: What causes autoimmunity?

2. LYME DISEASE

2.1. Natural History of the Causative Organism
In the United States, Lyme disease is caused by infection with the tick-borne spirochete B.

burgdorferi (Bb). In Europe, disease may be caused by B. afzelii and B. garinii, in addition to B.
burgdorferi (26). The spirochete is transmitted to human hosts via ticks of the Ixodes species during
feeding. In the eastern United States, the larval tick becomes infected during its earliest feed from
Bb-infected white-footed mice, Peromyscus leucopus (27). In some regions, this leads to high rates
of infection among ixodes ticks (28). Ticks feed at each stage of their life cycle: larval, nymphal, and
adult. Although during the fall, adult ticks preferentially feed and mate on deer, Odocoileus
virginianus; during the early summer, nymphal ticks may feed on humans, making them inadvertent
hosts (27).

Following attachment of the tick to the host and the initiation of the blood meal, the number
of Bb within the tick’s midgut expressing OspA, an outer surface lipoprotein found on the surface of
the spirochete as well as in the periplasmic space between the outer membrane and cell wall (29),
begins to decline. Meanwhile, OspC expression increases and the spirochete migrates to the tick’s
salivary glands, where it is poised to be transmitted to the host (30). These, as well as other variably
expressed outer surface proteins (A–E), are thought to help the spirochete adapt to its different host
environments (31). Further, once in the human host, the spirochete may use other surface-expressed
proteins to home to target tissues. For example, decorin-binding proteins A and B allow disseminated
Bb to bind to collagen fibrils in the extracellular matrix of heart, nervous system, or joints (32), where
it may cause symptoms associated with infection.

2.2. Disease Symptoms
Once Bb spirochete has entered the host, infection may cause Lyme disease. Erythema migrans

rash, the pathognemonic for Bb infection, is observed in about 80% of patients. It is marked by
concentric rings of erythema and clearing surrounded by an expanding ring, giving it a bull’s-eye like
appearance. Bb can be isolated from the outer ring and, eventually, the infection is spread to target
tissues hematogenously (33). Additionally, infected individuals may complain of flulike symptoms,
including fever, aches, and fatigue. If the infection is left untreated, then symptoms may include
severe headache, mild neck stiffness, atrioventricular block, oligoarticular arthritis, intense joint in-
flammation, encephalopathy, and cognitive disturbance (34,35). In the United States, if the infection
proceeds without treatment, then approx 60% of infected individuals develop symptoms of arthritis
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(36). Patients with symptoms of Lyme disease are treated with antibiotics that presumably clear Bb
from the host.

In about 10% of individuals with Lyme arthritis, symptoms are not alleviated by one or more
courses of antibiotics (5). These individuals have TRLA. When synovium or synovial fluid from
these patients is tested for Bb DNA by polymerase chain reaction (PCR) analysis, results are almost
always negative (37,38), indicating that Bb has been eliminated. Kalish et al. (6) reported that pa-
tients with TRLA are more likely to have antibodies specific for OspA than patients whose arthritis is
responsive to antibiotic treatment. Likewise, Kamrandt et al. (39) reported that T-cells specific for
OspA can be preferentially found in patients with TRLA compared with responsive disease. Further-
more, these OspA-reactive T-cells are of the Th1 phenotype, making IFN-γ and not IL-4 (40). Thus,
an interesting question remains as to why individuals infected with Bb generate antibody and T-cell
responses to OspA during the later course of infection, and continue to produce such antibodies after
therapeutic antibiotic treatment is completed and the Bb are presumably eradicated.

2.3. Association of TRLA With HLA Class II and the Immune Response
One of the first indications that TRLA was associated with a possible autoimmune response was

the strong correlation of treatment-resistant disease with limited HLA haplotypes often associated
with severe rheumatoid arthritis (41,42). Specifically, the alleles HLA-DRB1*0401, *0404, *0101,
and *0102 are associated with the majority of patients with treatment resistant Lyme arthritis (5).
These alleles share hypervariable region 3 (HVR3), found in the membrane distal domain (43), but
are otherwise quite distinct. The HVR3 constitutes precisely the region that forms the peptide-bind-
ing pocket of the molecule (41). Thus, the common HVR3 predicts a similarity in the peptides bound
by this group of MHC molecules. Because the main function of MHC molecules is to present pep-
tides to T-cells, this is an indication that T-cells are important in the generation of disease.

The association of a particular MHC class II molecule with TRLA suggests that T-cell stimulation
by presented peptides is likely to be important in the persistence of arthritis. Bulk proliferative
responses to the protein and various fragments and peptides derived from whole OspA have been
identified in Lyme arthritis (44–46). These responding T-cells were found to be of the Th1 type,
secreting the proinflammatory T-helper cytokine IFN-γ (47,48), and could be easily recovered from
the synovial fluid of individuals with TRLA (8). Recently, Chen et al. showed that Th1 responses to
OspA correlate with the severity and duration of Lyme arthritis (49). These T-cells can be identified
in the synovial fluid of patients with TRLA months to years after antibiotic treatment, but not in other
chronic arthritides (8).

3. MOLECULAR MIMICRY IN TRLA

3.1. Identification of an OspA-Homologous Protein, LFA-1
Observations suggested that the persistent symptoms of TRLA were the result of an ongoing im-

mune response because of the following reasons. First, patients with TRLA developed T-and B-cell
responses to Bb OspA correlating well with the occurrence of the treatment-resistant phase of arthri-
tis. Second, because there was a limited HLA class II association in individuals with TRLA, there
was the possibility for T-cell involvement in the persistence of arthritis symptoms. Once the
immunodominant epitopes of OspA were determined for a subset of patients with the HLA
DRB1*0401 haplotype (DR4), the OspA peptide 165–173 emerged as a promising candidate for
searching human peptide databases for possible crossreactive epitopes (8). Early GenBank searches
revealed an epitope within human LFA-1αL, amino acids 332–340 as a homolog (see Table 1). Analy-
sis of the peptide using a HLA-binding algorithm predicted that the peptide would be bound by DR4
and thus could be presented to T-cells in a DR4 host. Testing of the epitope and whole LFA-1 mol-
ecules confirmed that bulk populations of T-cells responsive to OspA were also responsive to the
human homolog, LFA-1αL (8).
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We wanted to demonstrate at the single-cell level that a single TCR could recognize and respond
to both the human LFA-1αL peptide and the bacterial mimic, OspA. We set out to clone T-cells using
recently developed MHC class II tetrameric molecules (50). The reagents we used consisted of ap-
proximately four biotinylated recombinant HLA DRB1*0401 molecules with covalently attached
OspA peptides. Approximately four DR4-peptide molecules were bound together by a fluorescently
labeled streptavidin molecule (50). Using these reagents, we could identify and clone T-cells from
patient samples that were specific for OspA 165–184 and sort them for cloning by fluorescence-
activated cell sorting (FACS) (51). When the OspA-specific clones were tested for their ability to
respond to the crossreactive LFA-1αL epitope more than half of the clones responded to the self-
peptide over a wide range (see Fig. 3) (51). Thus, clones generated from a single T-cell with presum-
ably a single TCR are able to respond to both Bb and human peptides.

3.2. Differential Cytokine Secretion
In autoimmune models, the nature of a T-cell response can be categorized in different ways. T-helper

1 (Th1) responses are often associated with T-cell-mediated inflammatory disease models such as
experimental autoimmune encephalomyelitis, a model of multiple sclerosis (53,54), and various models
of diabetes (55,56). Th1-associated cytokines include, most notably, IFN-γ and IL-2. On the other hand,
Th2 responses are usually associated with T-cell regulatory responses because Th2 cytokines often
counteract proinflammatory cytokines (57), which results in downmodulating Th1-mediated responses.
Th2 cytokines include IL-4, IL-5, IL-10, and, possibly, IL-13. Th2 cell products are also important for
the generation and maintenance of B-cell responses to foreign antigens and influence the quality of
antibodies secreted and thus are associated with antibody-based models of autoimmunity such as sys-
temic lupus erythematosus (58).

 We compared characteristics of OspA/LFA-1αL-reactive versus OspA-only-reactive T-cell
clones, measuring the amount of cytokines secreted in response to the stimulating antigen. In these
dual-reactive clones, the response to OspA differs quantitatively and qualitatively from the response
to LFA-1αL, as measured by proliferation and cytokine production (see Fig. 4). Interestingly, stimu-
lation with OspA165–184, a 20-aa peptide containing the possible mimicry epitope, induced vigorous
proliferation and led to the secretion of large amounts of the Th1-type inflammatory cytokine IFN-γ
(see Fig. 4A,B, open circles). However OspA stimulation also induced secretion of the likely Th2-
type cytokines IL-4, IL-5, and IL-13 in almost all clones tested (see Fig. 4A,B, open circles). This
OspA-induced cytokine-secretion profile is not easily categorized as Th1 or Th2 and may reflect a
common characteristic of human antigen-specific T-cell lines. This is in contrast with the polarized
pattern seen in murine T-cell lines (59) and models of autoimmunity. Alternately, when the stimulat-
ing antigen was LFA-1αL326–345, containing the possible mimicry epitope, proliferation was reduced
and dual reactive clones produced proportionally more IL-13 than IFN-γ (see Fig. 4A,B, filled circles).
Although IL-13 has not been characterized yet as a Th2 or Th1 cytokine, it is closely associated with
many Th2-associated functions (60), along with a strong association with allergic reactions. In other
studies, IL-13 has been shown to play a role in the deposition of fibrin following Schistosoma infec-
tion (61). Thus, it is possible that LFA-1αL326–345-stimulated, IL-13-secreting T-cells could be con-
tributing to the persistent joint inflammation in chronic treatment-resistant Lyme patients.

Clearly, minor differences in the peptide (see Table 1) affect the quality and quantity of response
to the signal delivered through the TCR. We found that the OspA peptide is strongly agonistic and
induces a vigorous T-cell response, even at low concentrations of antigen, indicative of high-affinity
TCR recognition. In contrast, the LFA-1αL peptide induces a less efficient interaction with TCR and
produces different downstream effects, reminiscent of a partial agonist. Hemmer et al. (62) devel-
oped a mathematical algorithm that predicts how well a peptide will bind to a given MHC molecule
based on its linear sequence of amino acids. In this case, the algorithm predicted that both the
OspA165–184 and LFA-1αL326–345 peptides bind to the HLA-DRB1*0401 molecule with similar af-
finities (62,63), suggesting that the two peptides are presented to the T-cell with equal efficiency.
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Fig. 3. T-cell clones generated from OspA-tetramer-sorted cells proliferate in response to OspA165–184 and
LFA-1αL326–345. Cloned T-cells from a DRB1*0401+ homozygous patient were cultured with OspA165–184,
LFA-1αL326–345, or media alone plus autologous EBV-transformed B-cells. Data, OspA versus LFA response
(open diamond), are expressed in D-cpm (cpm of wells with antigen–cpm of wells with media). From [Trollmo,
C., Meyer, A.L., Steere, A.C., Hafler, D.A., and Huber, B.T. (2001) Molecular mimicry in Lyme arthritis dem-
onstrated at the single cell level: LFA-1 alpha L is a partial agonist for outer surface protein A-reactive T cells.
J. Immunol. 166, 5286–5291]. Copyright 2001. The American Association of Immunologists.

Fig. 4. Differential cytokine production profile of T-cell clones stimulated with Osp165–184 (open cirlces),
versus LFA-1αL326–345 (closed circles). OspA-specific clones were cultured with antigen plus APC and tested
for Th1 and Th2 cytokine production 48 h after stimulation, using standard capture enzyme-linked
immunosorbent assay. Mean OD450 values were calculated, and concentrations were determined from a stan-
dard curve. Data are expressed as a comparison (A) between D-cpm versus cytokines; and (B), Th1 and Th2
cytokines. From [Trollmo, C., Meyer, A.L., Steere, A.C., Hafler, D.A., and Huber, B.T. (2001) Molecular
mimicry in Lyme arthritis demonstrated at the single cell level: LFA-1 alpha L is a partial agonist for outer
surface protein A-reactive T cells. J. Immunol. 166, 5286–5291]. Copyright 2001. The American Association of
Immunologists.
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Yet, despite this similarity in antigen presentation, the three-dimensional interaction of each peptide–
MHC complex with the TCR differs. Perhaps IL-13 is a cytokine that characterizes weak but stable
TCR–antigen interactions. How much T-cell-mediated inflammation in the joint is required to main-
tain chronic stimulation there is unknown. The question remains: Can LFA-induced T-cell stimula-
tion in the joint maintain inflammatory arthritis?

3.3. The Possibility of Other Significant Molecular Mimicry Epitopes in TRLA
Molecular mimicry in the context of Lyme disease has been of great interest to several groups

(8,20,21,62). Experiments using T-cells isolated from patient populations (8,20) and T-cell hybrido-
mas from two different HLA DR4 transgenic mouse models have generated varied results (21,52).
After mimicry, self-peptides were identified using database homology search and synthesized for in
vitro analysis, many microbially specific T-cell lines have been shown to crossreact with human
epitopes. In fact, experiments designed to explore the degeneracy of the TCR recognition require-
ments illustrate that TCRs are flexible and can recognize a surprisingly large collection of peptides in
the context of MHC (20,21). One group has identified at least 28 different amino acid sequences that
could stimulate 1 or more of a panel of mouse T-cell hybridomas that were first shown to be specific
for one specific epitope of OspA (21). Meanwhile, the question remains: Are crossreactive T-cells
generated in response to microbial antigen, responsible for the perpetuation of arthritis in the absence
of Bb? These questions can only be more thoroughly studied once a mouse model of TRLA is devel-
oped. In such a model, crossreactive epitopes can be tested for their significance to disease. Given the
large number of possible mimicry epitopes reported in studies of mimicry in Lyme arthritis and other
disease models, it is surprising that autoimmunity is not more prevalent. The fact that we are not
consumed by the effect of molecular mimicry induced autoimmunity raises interesting questions
about the power of immune regulation.

4. SUMMARY AND DISEASE MODEL

Molecular mimicry in treatment-resistant Lyme arthritis is suggested by the presence of T-cells
that respond both to microbial antigen OspA and to at least one human homolog, including LFA-1.
Arthritis may persist in the joint by the following mechanism: In the Bb-induced inflammatory joint,
OspA is presented to T-cells in the context of class II expressed on the surface of macrophages and
dendritic cells (see Fig. 1A). T-Cells responding to OspA produce high levels of IFN-γ, which leads
to upregulation of LFA-1 on macrophages and T-cells in the joint. Once OspA-specific T-cells have
expanded and a critical threshold is reached, these T-cells crossreact with the homologous LFA-1αL
epitope presented by antigen-presenting cells (see Fig. 1B) in the joint. Responses to LFA-1αL are
characterized by IL-13 production, which may contribute to the pathology of the inflamed joint. In
this way, inflammation can continue in the joint after eradication of the spirochete once the response
to self-epitope has been initiated as a result of the mechanism of molecular mimicry.
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Cytokine Responses in Patients with Pneumonia

Peter Kragsbjerg and Hans Holmberg

1. INTRODUCTION

The importance of proinflammatory cytokines was first appreciated in studies of patients with sepsis
or septic shock, but during the 1990s, the research expanded to include a wide range of infectious and
other inflammatory conditions. The first investigations of the role of cytokines in lower-respiratory-
tract infections were published in 1992. Since then, clinical studies have been performed on different
aspects of inflammation in pneumonia. One group of studies focuses on the pathogenesis of bacterial
pneumonia. A second group studies the relation between the microbial etiology of pneumonia and the
ensuing inflammatory response. A third group relates the cytokine response in bacterial pneumonia to
severity [i.e., SIRS (1), APACHE II (2), or other clinical scoring systems]. A fourth group of studies
investigates the role of age in relation to the inflammatory response caused by an acute bacterial pneu-
monia. Finally, in a few studies, the impact of immunomodulating therapy has been investigated.

The methods for the detection and quantification of cytokine levels vary considerably between
different studies, which makes the comparison of results difficult. As sample preparation and storage
also influence cytokine measurements, uniform handling of samples is of major importance. In the
present chapter, we review the findings presented thus far describing the cytokine responses in adult
human subjects with pneumonia. The results are discussed from a clinical point of view.

2. CYTOKINE RESPONSES AND PATHOGENESIS
OF BACTERIAL PNEUMONIA

The role of cytokines in the pathogenesis of bacterial infection was primarily studied in patients
with septic conditions. As cytokines were found to be central mediators of inflammation, research
was soon broadened to include focal infections as well as other inflammatory conditions.

Interleukin (IL)-8 was first demonstrated in bronchial secretions from 105 of 151 patients under-
going mechanical ventilation in the intensive care unit (ICU) (3). When patients with severe pneumo-
nia were compared to patients with acute respiratory distress syndrome (ARDS), elevated
broncho-alveolar lavage (BAL) fluid levels of IL-8 were correlated to severity (4). Patients with
pneumonia had lower levels of BAL IL-8 than patients with ARDS, but plasma IL-8 concentrations
were similar in the two groups. In 42 patients with community-acquired pneumonia (CAP), blood
levels of tumor necrosis factor (TNF)-α, IL-6, and soluble IL-2R were compared to polymorpho-
nuclear leukocyte and monocyte chemiluminescence response showing elevated levels of cytokines
and activated phagocytes in most patients compared to controls (5). The inflammatory response to
pneumonia is compartmentalized to the affected lung, as shown by Dehoux et al. (6). In 15 patients
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with unilateral pneumonia, the BAL fluid levels of TNF-α, IL-1β, and IL-6 were determined in the
affected lung and compared with the levels in the nonaffected lung. BAL fluid levels of all three
cytokines were higher in the involved lung compared to the noninvolved lung (see Fig. 1). In a later
study, a similar result was obtained for IL-8 (7) (see Fig. 2). The concentrations of IL-8 and another
CXC chemokine, growth-related oncogene (GRO)-α were measured in BAL fluid from patients with
bacterial pneumonia (n = 12), ARDS (n = 13), or Pneumocystis carinii pneumonia (n = 48) (8).
Patients with bacterial pneumonia and patients with ARDS had comparable levels of IL-8 and GRO-α
suggesting a role also for GRO-α as a chemoattractant in inflammatory conditions in the lung. BAL
fluid concentrations and blood concentrations of TNF-α IL-6 and IL-8 were compared in a study of
74 mechanically ventilated patients (9). Patients with bacterial pneumonia and/or ARDS had compa-
rable high levels of IL-6 and IL-8 but no consistently detectable TNF-α in BAL fluid. In blood, the
levels of IL-6 and TNF-α were elevated in the group of patients with bacterial pneumonia and/or
ARDS. Elevated concentrations of IL-8 in BAL fluid from 31 patients with CAP were also found by
Bohnet et al. (10) and the levels of IL-8 in BAL fluid were higher in patients with positive microbio-
logical results. Comparison of TNF-α, IL-6, and IL-8 mRNA levels in alveolar macrophages from
patients with CAP and BAL fluid levels of the same three cytokines showed elevated mRNA content
only for IL-8, but increased concentrations of IL-6 and IL-8 (11). Another potent neutrophil
chemoattractant, transforming growth factor (TGF)-β, was studied in 35 patients with pneumonia
(12). The BAL fluid concentrations of TGF-β and IL-8 were measured within 12 h from admission to
hospital. The levels of TGF-β1, TGF-β2, and IL-8 were found to be elevated in patients with a defined
microbiological etiology to the pneumonia. In patients with CAP (n = 8) or nosocomial pneumonia (n
= 12) treated with mechanical ventilation in the ICU, serum levels of TNF-α and IL-6 were higher
than the concentrations in the ventilated noninfectious controls (13). BAL fluid levels of IL-6 were
also higher in the pneumonia group, but there was no correlation between lung bacterial burden and
BAL fluid cytokine levels. All patients with pneumonia in this study had received antibiotic treat-
ment prior to inclusion into the study.

In summary, the studies presented so far have demonstrated the presence of several proinflammatory
cytokines in secretions from the respiratory tract of patients with bacterial pneumonia. In most cases,
this compartmentalized response is accompanied by a systemic response, primarily of IL-6.

3. CYTOKINE RESPONSES RELATED TO ETIOLOGY

3.1. Streptococcus pneumoniae
The patients included in studies of the cytokine responses in pneumonia vary considerably. In the

studies with a well-documented etiology of the pneumonia Streptococcus pneumoniae is the most
frequent isolated bacteria. In the studies of unilateral bacterial pneumonia, it was demonstrated that
the cytokine response to S. pneumoniae is local (6,7). BAL fluid concentrations of TNF-α, IL-1β, IL-6,
and IL-8 were significantly higher in the involved lung compared to the noninvolved lung. None of
the patients were bacteremic and serum TNF-α, IL-1β, and IL-8 levels were not different from those
of the control groups. The absence of measurable levels of TNF-α, IL-1β, and IL-8 in the circulation
in patients with pneumonia on admission to the hospital is in accordance with the results of other
studies and most probably reflects an early brief appearance after onset of disease. However, serum
concentrations of IL-6 were elevated in the patients with nonbacteremic pneumonia. The demonstra-
tion of elevated IL-6 in serum is in accordance with our studies of patients with pneumonia caused by
specific microbial pathogens. In those studies, infections with S. pneumoniae were found to cause the
highest levels of circulating IL-6 and the patients with bacteremic pneumococcal infection had the
highest levels (14) (see Fig. 3). Most patients with bacterial pneumonia treated in the hospital have
elevated serum IL-6, as shown by Örtqvist et al (15). In that study, high levels of IL-6 were associ-
ated with longer duration of fever, longer stay in the hospital, and slower recovery, both clinically
and radiographically. The finding of the highest levels of IL-6 among patients with pneumococcal
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Fig. 1. IL-1β, TNF-α, and IL-6 concentrations in BAL fluids. Cytokines were measured by enzyme-linked immunosorbent assay in BAL fluids recovered from
the involved lung and contralateral, noninvolved lung of patients with unilateral pneumonia (n = 15) prior to antibiotic therapy. (Reproduced from ref. 6 with
permission.)



204 Kragsbjerg and Holmberg

infection was confirmed in this study (15) and in a study of 20 patients with bacteremic pneumococ-
cal pneumonia and 20 patients with pneumonia caused by Mycoplasma (16). Bacteremic pneumococ-
cal pneumonia was also found to be associated with high levels of IL-8 and granulocyte
colony-stimulating factor (G-CSF) in serum in comparison to patients with pneumonia caused by
atypical agents or influenza A infection (17) (see Fig 4). Patients with bacteremic pneumococcal
pneumonia had high levels of IL-6 and G-CSF on admission to the hospital and the serum concentra-
tions decreased within 24 h when appropriate antibiotic treatment was started promptly (18) (see
Fig. 5). The levels of IL-6 were not significantly different from the serum concentrations in patients
with bacteremic infections caused by β-hemolytic streptococci, S. aureus, or Escherichia coli. In
bacteremic pneumococcal pneumonia the serum concentrations of G-CSF were higher than those in
patients with bacteremic infections caused by other Gram-positive bacteria such as β-hemolytic strep-
tococci and S. aureus (18). Although the concentrations of TNF-α in serum were elevated also in
patients with Gram-positive bacteremia including S. pneumoniae, the levels were significantly lower
than those in patients with Gram-negative bacteremic infection (18). The serum levels of TNF-α,
IL-1β, IL-6, macrophage inflammatory protein (MIP)-1β, sTNF-R, IL-1RA, and IL-10 were mea-
sured on admission to the hospital and d 3 and 7 in 22 patients with pneumococcal pneumonia (19).
IL-6 decreased from high levels on admission to low levels on day 3 thus supporting previous find-
ings. The levels of TNF-α, sTNF-R, IL-1RA, IL-6, and IL-10 showed sustained elevation on d 7
compared to the control group, indicating prolonged inflammatory activity. Thus, in patients with
pneumonia, pneumococcal infections elicit the highest levels of IL-6 and G-CSF, which may have a
potential for clinical use as markers of a pneumococcal etiology of the pneumonia.

3.2. Chlamydia pneumoniae, Mycoplasma pneumoniae, and Legionella
Few studies are performed on the cytokine responses in adult patients with atypical pneumonia.

The first study comparing bacterial and atypical or viral agents was performed in 1993 (14). In that
study, it was shown that patients with pneumonia caused by Chlamydia, Mycoplasma, influenza A
virus and respiratory syncytial (RS) virus, had lower serum concentrations of IL-6 compared to

Fig. 2. IL-8 concentrations in BAL fluid recovered from the involved lungs and the contralateral, noninvolved
lungs of patients with unilateral pneumonia (n = 17) prior to antibiotic therapy and from healthy controls (n =
8). (Reproduced from ref. 7 with permission.)
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patients with pneumonia caused by common bacterial pathogens such as S. pneumoniae and H.
influenzae. In contrast, IFN-γ was shown to be elevated in the group with viral or atypical micro-
organisms. The finding of lower IL-6 levels in patients with atypical pneumonia such as Mycoplasma
was supported by the three following studies. In a study of 203 patients with CAP, 16 patients with
Mycoplasma and 13 patients with viral pneumonia were found to have lower levels compared to
patients with pneumococcal pneumonia or other bacteremic pneumonia on admission to hospital
(15). Lieberman et al. compared 20 patients with bacteremic pneumococcal pneumonia with 20
patients with pneumonia caused by Mycoplasma (16). Inversely, IL-1β was found to be higher in

Fig. 3. Serum IL-6, C-reactive protein and interferon-γ_concentrations on admission in patients with pneu-
monia of different etiologies. SP: S. pneumoniae (n = 27), HI: H. influenzae (n = 6), MoC: M. catarrhalis (n =
2), SA: S.aureus (n = 1), Leg: Legionella spp. (n = 2), Chla: Chlamydia spp. (n = 2), MP: M. pneumoniae (n =
7), Infl A: influenza A (n = 6), RS: respiratory syncytial virus (n = 1). (Reproduced from ref. 14 with permission
from Elsevier Science.)
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Fig. 4. Distribution of serum concentrations of IL-8 (A), G-CSF (B), and lactoferrin (C) in 63 patients with
bacteremic pneumococcal pneumonia (BPP), Chlamydia pneumonia (CP), Legionella pneumonia(LP), Myco-
plasma pneumonia (MP), influenza A infection (IA), and in 20 blood donors (controls). (Reproduced from ref.
(17) with permission from the BMJ Publishing Group.)
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Fig. 5. Median serum levels of IL-6, TNF-α, G-CSF and IL-8 in bacteremic nonfatal cases. Time-points on
the x-axis are admission (adm), 1 h later (t = 1), and 4, 12, 18, 24, 48, 72, 96, and 129 h from admission. n is the
number of patients sampled at each time-point. (Reproduced from ref. 18 with permission from Taylor &
Francis, Stockholm, Sweden.)

patients with Mycoplasma pneumonia on admission to the hospital compared to the patients with
bacteremic pneumococcal pneumonia. In a study of patients with Chlamydia pneumonia (n = 13) and
Mycoplasma pneumonia (n = 14), serum concentrations of TNF-α, IL-6, and IFN-γ were found to be
elevated on admission (20) (see Fig. 6). No significant differences between the etiological groups
were found, but the levels of IL-6 were in the low range in accordance with our previous study (14)
and most patients had elevated IFN-γ. The serum concentrations of G-CSF was investigated in eight
patients with Mycoplasma pneumonia and compared with levels in patients with diverse bacterial
infections (21). Serum concentrations were found to be low in the group of patients with Mycoplasma
pneumonia, a result which is in agreement with the findings in our study (17). Patients with pneumo-
nia caused by Mycoplasma (n = 14), Chlamydia (n = 12), and Legionella (n = 6) had lower levels of
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Fig. 6. Scatter of the concentrations of IFN-γ, IL-6 and TNF-α in serum of patients with CP (Chlamydia
pneumoniae) or MP (Mycoplasma pneumonia) or IA (influenza A infection) and in 20 controls. (Reproduced
from ref. 20 with permission from S. Karger AG, Basel.

208
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G-CSF in comparison with patients with bacteremic pneumococcal pneumonia. Only three studies
include patients with Legionella pneumonia (14,17,22). In our previous studies we found elevated
levels of IL-6 and IFN-γ but low concentrations of IL-8 and G-CSF on admission to the hospital
(14,17). In a study, of 14 patients with Legionella pneumonia using bloodsamples taken at variable
time-points during the hospital stay, Tateda et al. found elevated levels of the cytokines IFN-γ and
IL-12, low levels of proinflammatory cytokines such as TNF-α, IL-1β, IL-6, and no IL-4 or IL-10
(22). The results from these three studies show that in infections caused by intracellular micro-organ-
isms such as Legionella, the cytokine response is associated with elevated circulating levels of Th1
cytokines such as IFN-γ and IL-12.

Thus, studies of clinically less severely ill patients with pneumonia have shown that differences
do exist in the blood concentrations between different etiologies of the pneumonia. Based on the
results presented here determination of blood IL-6 and IFN-γ/IL-12 might have a differential diag-
nostic potential.

4. CYTOKINE RESPONSES AND SEVERITY

Studies of the systemic inflammatory host response in the critically ill have demonstrated the
pathophysiological role of cytokines. It has been shown that the levels of most cytokines reflect that
the severity of the condition may be the cause of inflammation becoming infectious, traumatic, or
other. In the case of bacterial pneumonia, few studies examine clinical severity grading in relation to
systemic cytokine levels. Plasma levels of IL-1β, TNF-α, and IL-6 were measured in critically ill
patients with pneumonia, less severely ill patients with pneumonia, severely ill postoperative patients
without infection, and a group of patients with nonpneumonic infection (23). In this study, TNF-α
was found to be a marker of severity of pneumonia, IL-1β to mark severity of infection, and IL-6 to
reflect infectious or noninfectious severity. Using SIRS as the severity classification, bacteremic
pneumococcal pneumonia was found to be comparable to other bacteremic infections (18) and the
serum levels of IL-6, TNF-α, and G-CSF reflected clinical severity. De Werra et al. compared patients
with septic shock, cardiogenic shock, and bacterial pneumonia and found plasma levels of TNF-α to
reflect severity in patients with infection, whereas plasma IL-6 was highest in septic shock patients,
normal in seven patients with pneumonia, and elevated in cardiogenic shock (24). The finding of
normal IL-6 levels in patients with bacterial pneumonia is unusual, as most other studies demonstrate
high levels of IL-6 even in nonbacteremic patients cared for in a common infectious disease depart-
ment. Serum IL-10 was studied in 38 patients with CAP divided into a SIRS group and a non-SIRS
group and correlated with APACHE II scores (25). IL-6 and IL-10 were found to correlate with
severity of illness. Comparing patients with severe pneumonia and ARDS, Bauer et al. found serum
TNF-α and IL-1/β to reflect the severity of the lung injury (26). In the studies presented so far, IL-6
consistently emerges as a marker of severity. In individual studies, other cytokines such as IL-10, G-
CSF, and TNF-α were also found to mark the severity of the illness.

5. CYTOKINE RESPONSES AND AGE

Previous investigations have shown that increasing age confers increasing impairment of the
immune system. In the case of bacterial pneumonia, studies have focused on the ability of elderly
patients to mount an inflammatory response to infection. Gon et al. demonstrated lower serum values
of G-CSF, GM-CSF, TNF-α, IL-1β, IL-8, and MIP-1α in elderly patients in the acute stage, and the
levels in both young and older patients declined on recovery (27). The definition of recovery was set
to a span of 5–14 d, which makes comparison with the following study difficult. The inflammatory
response during pneumococcal infection was studied in 22 patients divided into groups of young and
elderly patients. The circulating concentrations of IL-1β, TNF-α, IL-6, MIP-1β, IL-1RA, IL-10, and
sTNFR-I were measured on admission and after 3 and 7 d in the hospital (19). In this study, aging was
shown to be associated with prolonged inflammatory activity, but levels of cytokines in young and
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old patients were similar on admission. Glynn et al. found no difference in serum IL-10 levels in
patients divided into groups younger than 60 or older than 70 yr of age, but serum IL-6 concentra-
tions were higher in the patients older than 70 yr of age (25). In that same study, IL-6 and IL-10 were
correlated to severity, which raises the question of whether the elderly patients were more severely ill
than the younger. Although older age is associated with impaired immune functions, elderly patients
may respond with high cytokine levels, but the response may be dysregulated and prolonged.

6. CYTOKINE RESPONSES AND IMMUNEMODULATION

Immunomodulating therapies have been tried in several studies of patients with sepsis or septic
shock with disappointing results. Few investigations have been performed on the effect of modulating
the cytokine response during acute bacterial pneumonia. Thirty patients with severe CAP were ran-
domized to receive either a single dose of hydrocortisone (10 mg/kg body wt) or placebo before the
administration of antibiotics in addition to standard treatment for pneumonia (28). TNF-α was mea-
sured on admission and after 2, 6, and 12 h after antibiotic therapy was started. In this study, hydrocor-
tisone had no effect on the serum levels of TNF-α or on the clinical course. A recent study investigated
the effect of daily methylprednisolone given after the administration of antibiotics on the inflammatory
response in pneumonia in patients treated with mechanical ventilation in the intensive care unit (29).
Patients receiving methylprednisolone had lower serum levels of IL-6 and C-reactive protein (CRP) and
a lower neutrophil count in BAL fluid. However, the dosage and treatment period varied considerably.
Recombinant human (rh) G-CSF for the treatment of CAP was studied in a prospective, double-blind,
randomized, placebo-controlled study (30). In all, 756 patients were studied, 376 received placebo and
380 rh G-CSF. The study showed that treatment with rh G-CSF was not harmful but gave no important
benefit compared to placebo. In view of the disappointing results of immunomodulation in septic condi-
tions and the complexity of the cytokine response to infection, a better characterization, of an appropriate
and a dysregulated cytokine response is needed. Specific markers have to be established and related to
the timing of treatment at specific stages during disease.

7. CONCLUSION

The role of cytokines as mediators of inflammation in pneumonia is being defined. The results
from studies investigating bacterial pneumonia point to the following:

• In nonbacteremic pneumonia, the inflammatory response is mainly local and the cytokines demonstrated
in BAL fluid so far are IL-8, IL-6, TNF-α GRO-α and TGF-β.

• The systemic response in nonbacteremic pneumonia is characterized mainly by elevated levels of IL-6.
• In pneumonia, blood levels of IL-6, IL-8, and G-CSF correlate with severity and prognosis and high levels

may suggest S. pneumoniae as a probable causative agent.
• In bacteremic pneumonia, the cytokine response is comparable to that of other bacteremic infections.
• Patients with pneumonia caused by intracellular micro-organisms such as Legionella have circulating

levels of Th1 cytokines such as IFN-γ and IL-12.
• In elderly patients, the cytokine response may be dysregulated and prolonged.
• Immunomodulation in pneumonia by way of suppressing the inflammatory host response using corticos-

teroids or by stimulating production of phagocytes and phagocytic activity has demonstrated no positive
effects so far.

In summary, the cytokine response in human pneumonia is being characterized. Use of single
cytokines or groups of cytokines as prognostic or etiological markers in individual cases is made
difficult by the large variation in the immune response of individual patients at specific time-points.
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Cytokines and the Host Defense

Against Aspergillus fumigatus

Emmanuel Roilides, Joanna Filioti, and Cristina Gil-Lamaignere

1. INTRODUCTION

Among opportunistic mycoses, invasive aspergillosis (IA) is the second most frequent infection
and an important cause of morbidity and mortality in susceptible hosts. Such hosts are premature
neonates (1), patients undergoing transplantation of bone marrow (2) or solid organ (3), patients with
hematologic disorders (4,5), chronic granulomatous disease (CGD) (6), human immunodeficiency
virus (HIV) infection (7), corticosteroid treatment (8), and a variety of other quantitative and qualita-
tive phagocytic defects. Invasive aspergillosis is now the most frequent opportunistic mold infection
worldwide (8) and Aspergillus fumigatus is the most common species accounting for more than 70%
of IA (8,9). Although the mortality of IA is very high and in some cases approaches 100% (9),
prevention, early diagnosis and treatment remain quite difficult. These challenges have intensified
efforts to better understand host response against A. fumigatus, with the ultimate goal to improve its
dismal outcome.

Advances in the development of a number of cytokines have suggested new therapeutic options.
The critical role of phagocytic defense has become evident and numerical as well as functional recon-
stitution of effector cells by treatment with cytokines has been attempted. Cytokines that are of most
interest because of their ability to upregulate the number and/or the function of phagocytes are the
hemopoietic growth factors granulocyte colony-stimulating factor (G-CSF), granulocyte–macroph-
age colony-stimulating factor (GM-CSF), and macrophage colony-stimulating factor (M-CSF).
Cytokines of Th1 response pattern such as interferon-γ (IFN-γ), interleukin-12 (IL-12), and tumor
necrosis factor-α (TNF-α) are also of great interest. On the other hand, cytokines of Th2 pattern, such
as IL-4 and IL-10, exert an overall suppressive effect or have variable or no effects on the antifungal
function of phagocytes.

2. PHAGOCYTIC FUNCTION AGAINST A. FUMIGATUS

Pulmonary alveolar macrophages (PAMs) are the first line of defense against A. fumigatus. They
ingest and destroy inhaled conidia intracellularly, hence preventing their germination to hyphae and,
subsequently, their invasion to tissues (recently reviewed in refs. 8, 10, and 11). Although the elimi-
nation of conidia takes place even when their number reaching alveoli is large, there is a direct
relationship between intrapulmonary inoculum challenge and tissue injury as well as mortality in
animal models (12,13). In order to evade phagocytosis by PAMs or to cross membranes and anatomi-
cal barriers, A. fumigatus conidia produce enzymes such as elastase and other proteases. The elabo-
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rated proteases are not only capable of crossing barriers but also of hydrolyzing endogenous antimi-
crobial peptides (14), resulting in survival and germination to hyphae.

Pulmonary alveolar macrophages can recognize and bind conidia through ligand–receptor interac-
tion (15) even when complement and immunoglobulins are not available, as this happens in the ter-
minal airways. Murine PAMs have been shown to recognize and attach to A. fumigatus conidia
through lectinlike attachment sites in the absence of opsonins. In addition, human monocytes (MNCs)
bind conidia by a glucoside inhibitable receptor (16). The effects of cytokines on these receptors are
not well understood yet.

Resting conidia are relatively resistant to both oxygen-dependent and nonoxidative antimicrobial
products of phagocytes (17,18). To the contrary, swollen conidia are more susceptible to oxygen-
dependent metabolites and trigger a more potent oxidative burst. Killing of conidia starts 4–6 hr after
phagocytosis (i.e., when conidia start to swell and become metabolically active). Rat PAMs produce
nitric oxide (NO) in response to A. fumigatus conidia. Increased NO production by IFN-γ-activated
PAMs has been found, together with increased attachment of A. fumigatus conidia (19).

As second line of defense, polymorphonuclear leukocytes (PMNs) and MNCs are collected at the
site of infection trying to destroy the escaping hyphae—opsonized or not—by secreting microbicidal
oxidative myeloperoxidase-dependent and myloperoxidase-independent as well as nonoxidative
metabolites. PMNs are the most numerous circulating phagocytes. They can damage hyphae by
attachment to their cell wall through glycoprotein ligands even without opsonization. Their antifungal
function is dependent on the stimulation of phagocytes by hyphal surface ligands and on functional
NADPH oxidase and oxygen-dependent antifungal metabolites (i.e., H2O2 and HClO). These conclu-
sions are based on the findings that PMNs of patients with CGD exhibit impaired hyphal damage
(120) and that mice with X-linked CGD are prone to infections as a result of A. fumigatus (21).
Nonoxidative killing systems such as cationic proteins have also been found to be important compo-
nents of antihyphal machinery (17). Mice deficient in the PMN granule serine proteases elastase and/
or cathepsin G are susceptible to IA, despite normal PMN development and recruitment (22).

Human monocytes have similar antifungal activities against A. fumigatus, but their oxygen-
dependent antifungal activity appears to be less potent than that of PMNs (23). MNCs also produce
NO, which has been found to be a potent antifungal mechanism in mice, although its antifungal role
has not been established in humans (24,25). When PMN defenses are defective, MNCs can substitute
for some of PMN function, even though MNC oxygen-dependent antifungal activity is less potent
than that of PMNs.

Among other cells, Kupffer and splenic adherent cells also possess anti-Aspergillus conidia
capacity; however, this is inferior to that against Candida albicans (Roilides et al., unpublished data).
Platelets attach to cell walls of A. fumigatus hyphae and are stimulated, causing some damage to the
hyphae by loss of fungal cell wall integrity and release of fungal surface glycoproteins (26). Whether
this mechanism is affected by cytokines is unclear.

Lymphocytes comprise up to 30% of the cells present in human broncho-alveolar lavage fluid and
thus may be important in early host response to A. fumigatus. When incubated with A. fumigatus
conidia for 20 h, highly purified 5-d-old IL-2- and phytohemagglutinin-activated lymphocytes exhibit
a contact-dependent ability to reduce adherence of germinating conidia of A. fumigatus but not hyphal
damage (27).

Impaired macrophage function (i.e., by the effect of corticosteroids) combined with quantitative
or qualitative PMN defects result in invasion of tissues and vessels and these appear to be the main
reasons for the development of invasive pulmonary aspergillosis (IPA). Decreased capacity against
hyphae and conidia of A. fumigatus by PMNs and MNCs, as happens in HIV-infected patients (28,29),
may be related to the well-described CD4+ T-helper lymphocyte dysfunction of these patients and the
Th1/Th2 cytokine dysregulation that follows (30).
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3. CYTOKINE AND CHEMOKINE PRODUCTION IN RESPONSE TO
A. FUMIGATUS (FIG. 1)

3.1. Cytokine Production
Immune system responds to challenges by A. fumigatus with secretion of a number of cytokines.

Although lymphocytes do not have significant antifungal effector activity, cocultures of A. fumigatus
conidia with mononuclear leukocytes result in the secretion of high levels of IFN-γ, GM-CSF, TNF-α
and IL-2, but not of IL-4 or IL-10 (31). IL-1 is also produced by macrophages as a result of stimula-
tion by conidia, hyphae, and even fungal cell wall components (32,33) such as mannoproteins. Afla-
toxin B1, a mycotoxin produced by Aspergillus, causes the production of important cytokines, such
as IL-1α, IL-6, and TNF-α, by human MNCs (34).

Activated Th cells secrete IL-4 in response to Aspergillus antigens (35). Dendritic cells also produce
Th1 cytokines, suggesting a positive role for these cells in host response (36). Proteases secreted by A.
fumigatus induce cytokine production by lung epithelial cells. A recent study focusing on the
mechanism(s) by which these proteases elicit especially IL-6 and IL-8 production in epithelial cells
demonstrated that IL-6 and IL-8 gene expressions are upregulated by transcriptional mechanisms (37).

 Cytokine networking in the lungs in response to inhaled conidia of A. fumigatus has been compre-
hensively studied in immunocompetent as well as immunosuppressed mice. In an initial phase, the
challenge of immunocompetent mice with inhaled conidia of A. fumigatus is followed by an intense
clearance of the fungus, possibly through PAMs and recruited PMNs, accompanied by the rapid
release of TNF-α,  IL-6, and IL-1β. As a final phase, cellular and fungal debris are cleaned by
recruited MNCs, cytokine production rapidly decreases, and pneumonia self-heals (38).

Inhalation of conidia also results in the production of IL-18, IL-12 and IFN-γ, which play a protec-
tive role in IPA, as proven by the fact that neutralization of these cytokines alone or in combination
results in a significant increase of A. fumigatus burden in the lungs (39). Moreover, treatment of mice
with neutralizing anti-TNF-α as well as anti-GM-CSF antibodies reduces the PMN influx into the

Fig. 1. Network of cytokines and chemokines induced in response to inhaled conidia of A. fumigatus.
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lungs and delays fungal clearance, showing the central role that both TNF-α and GM-CSF play in the
recruitment of PMNs into the lungs (32).

In contrast, cortisone-treated mice have a distorted clearance of conidia, delayed cytokine produc-
tion, delayed inflammatory cell recruitment, as well as sustained release of IL-6 and IL-1β; in addi-
tion, they exhibit widespread tissue necrosis, further increases in PMN trafficking but no MNC
recruitment, respiratory failure, and 100% mortality within 5 d (38).

3.2. Chemokine Production
Challenge with A. fumigatus conidia provokes the production of a number of chemokines in the

lungs, resulting in augmented recruitment and activation of MNCs and PMNs.
ELR+ CXC chemokines are a subfamily of chemokines that play a critical role in PMN chemot-

axis and activation both in vitro and in vivo. ELR+ CXC chemokines macrophage inflammatory
protein-2 (MIP-2) and cytokine-induced neutrophil chemoattractant (KC) are induced in response to
intratracheal administration of conidia. Neutralization of the common ELR+ CXC chemokine recep-
tor, CXCR2, by antibody results in reduced PMN influx to the lungs, development of invasive dis-
ease indistinguishable from the disease in neutropenic animals, and a markedly increased mortality.
In contrast, animals with constitutive lung-specific transgenic expression of KC had a low fungal
burden in the lungs and reduced mortality (40).

Macrophage inflammatory protein-1α belongs to the CC chemokine subfamily with potent chemo-
tactic activity for various subsets of mononuclear leukocytes. Studies with neutropenic mice chal-
lenged with inhaled conidia and antibody-mediated depletion of MIP-1α showed a sixfold increase
in mortality, associated with a 12-fold increase in lung fungal burden. Flow cytometry on whole-lung
suspensions revealed a 41% reduction in lung monocytes/macrophages, but no difference in other
lung leukocyte subsets (41). During the peak of infection in mice with aspergillosis, MIP-1α, mono-
cyte chemoattractant protein-1 (MCP-1), and MIP-2 are induced within the lung (32).

Intrapulmonary challenge with A. fumigatus conidia elevates lung concentrations of RANTES in
addition to MIP-1α significantly. When the role of their receptor, CC chemokine receptor 1 (CCR1),
was investigated in a model of A. fumigatus-sensitized CCR1 wild-type (+/+) and CCR1 knockout
(–/–) mice, it was found that both groups of mice exhibited similar increases in serum IgE and leuko-
cytes in the broncho-alveolar lavage. Whole-lung levels of IFN-α were significantly higher, whereas
IL-4, IL-13, and Th2-inducible chemokines such as C10, eotaxin, and macrophage-derived
chemokine, were significantly lower in whole-lung samples from CCR1–/– mice compared with
CCR1+/+ mice at 30 d after the conidial challenge (42).

Monocyte chemoattractant protein-1 receptor, CCR2, is another essential mediator of host defense
against A. fumigatus. Mice lacking CCR2 because of targeted deletion have been shown to exhibit a
major defect in the recruitment of PMNs. In addition, these animals have significantly more eosinophils
and lymphocytes in broncho-alveolar lavage samples and significant increases in serum levels of total
IgE, IL-5, IL-13, eotaxin, and RANTES. They are also markedly susceptible to the injurious effects of
an intrapulmonary challenge with live conidia, as compared with mice that express CCR2 (43).

Taken together, the above studies indicate that chemokine receptors are critical mediators of host
defense against A. fumigatus, especially in the setting of neutropenia, and may be important targets in
devising future therapeutic strategies against IA.

4. CYTOKINES WITH ENHANCING EFFECTS ON HOST DEFENSE
AGAINST  A. FUMIGATUS (TABLE 1)

4.1. G-CSF
 In vitro studies have demonstrated that this cytokine regulates both the number and the function of

intact PMNs against A. fumigatus hyphae. It increases PMN-mediated damage of hyphae (opsonized or
not) mainly by enhancement of PMN O2

– production (44,45). It activates PMN function even when it is
suppressed. Thus, it enhances the antifungal activity of PMNs from HIV-infected patients (46) and
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restores the suppression of antifungal activity against A. fumigatus as a result of corticosteroids (47)
with mechanism(s) that still remain unclear. Additionally, it protects PMNs from the catastrophic
effects of isolation and irradiation leading to a promising PMN transfusion therapy (48).

This upregulation of human PMNs by G-CSF has also been observed in studies with normal and
immunosuppressed mice (49). However, these data suggest that the protection that G-CSF may offer
IA differs depending on the cause of suppression. Thus, G-CSF did not protect IA mice that had been
immunosuppressed by corticosteroid treatment (49). By comparison, when mice became neutropenic
by 5-fluorouracil and were given either G-CSF or the antifungal triazole posaconazole, they ben-
efited from both agents separately, and the effect of the combination was additive. In contrast, when
the mice were immunosuppressed by hydrocortisone, G-CSF strongly antagonized the antifungal
activity of posaconazole in its action against IA. These variable findings suggest that perhaps the
outcome of cytokine therapy in IA depends on host factors in different pathways (50).

The additive effect between G-CSF and voriconazole has been demonstrated in vitro when the two
compounds were combined with PMNs against A. fumigatus (51). A similar effect has been demon-
strated in the neutropenic murine model of IA with G-CSF and posaconazole (50).

Table 1
Cytokines with Enhancing Effects on Phagocytes and the Specific
Antifungal Functions Against A. fumigatus That They Enhance

Cytokines/functions PMN MNC/macrophages

G-CSF
O2

– production ↑ —
Hyphal damage ↑ —
Corticosteroid immunosuppression Restoration —

GM-CSF
 O2– production ↑ ↑
 Hyphal damage ↑ ↑
Corticosteroid immunosuppression
    (O2– and hyphal damage) Restoration Restoration
 Differentiation and proliferation ↑

M-CSF
 Phagocytosis — ↑
 O2– production — ↑
 Conidial damage — ↑
 Hyphal damage — ↑

IFN-γ
 Oxidative burst ↑ ↑
 Hyphal damage ↑ ↑
 Corticosteroid immunosuppression Restoration Restoration

TNF-α
 Phagocytosis ↑
 O2– production ↑ ↑
 Conidial damage No effect
 Hyphal damage ↑ ↑

IL-12
 O2

– production ↑
 Hyphal damage ↑
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The effects of G-CSF on PMN-mediated fungicidal activity were also evaluated in humans by the
administration of G-CSF (300 µg/d subcutaneously) to five healthy volunteers for 6 d. Although G-CSF
significantly enhanced PMN-mediated damage of C. albicans hyphae by 33% on d 2 and by 44% on
d 6, it did not significantly change the ability of PMNs to induce damage of hyphae of either A.
fumigatus or Fusarium solani (52).

4.2. GM-CSF
This cytokine stimulates both the number and the function of PMNs, but less potently than G-CSF

(53). Additionally, it promotes the differentiation and proliferation of MNCs and enhances their func-
tion (54). Like G-CSF, it upregulates intact phagocytes and restores the antifungal activity of phago-
cytes that have become immunosuppressed by corticosteroids against hyphae of A. fumigatus (55,56).
Of note, GM-CSF-treated human MNCs exhibit enhanced O2

– production and hyphal damage of
unopsonized hyphae of this fungus (32). Additionally, it plays a central role in the recruitment of
PMNs into the lung in response to A. fumigatus (51).

In vitro studies have shown additive effects of GM-CSF and voriconazole when added to PMNs or
MNCs against A. fumigatus (51).

4.3. M-CSF
This cytokine affects the number and the function of mononuclear phagocytes and not the function

of PMNs. It upregulates oxidation-dependent mechanisms resulting in enhanced damage of both
conidia and hyphae of A. fumigatus (57). In addition, it increases secondary production of other
cytokines such as IL-1, IFN-γ and TNF-α (58). When M-CSF-treated PAMs combine with amphot-
ericin β lipid complex, the damage of A. fumigatus is even higher (59).

However, when the ex vivo effects of M-CSF on MNCs from cancer patients who received pro-
longed courses of the cytokine were evaluated, an enhanced antifungal activity against blastoconidia
of C. albicans but not against hyphae of A. fumigatus was found (60).

 Consistent with the beneficial effects of M-CSF on host macrophage defenses in vitro, M-CSF
(100–600 µg/kg/d) treatment of neutropenic rabbits with IPA was associated with increased survival
and decreased pulmonary injury (decreased pulmonary infarction score). These findings were associ-
ated with improved pulmonary computerized tomographic scanning scores and a better outcome than
the control rabbits (61). In addition, when PAMs from lungs of the M-CSF group of rabbits were
studied microscopically, it was found that they exhibited significantly greater phagocytosis of A.
fumigatus conidia.

4.4. IFN-γ
This broad spectrum cytokine enhances PMN- and MNC-induced hyphal damage of A. fumigatus

and restores the phagocytic activity of immunosuppressed cells against this fungus (44,47,56). IFN-
γ treated PMNs exhibited enhanced oxidative burst and damaging capacity to both serum-opsonized
and unopsonized hyphae of A. fumigatus (44). PMNs from IFN-γ -treated CGD patients damaged A.
fumigatus hyphae more than did PMNs from the control group (62). IFN-γ has been also shown to
reverse mononuclear phagocyte dysfunction caused by corticosteroids in mice with IA
immunocompromised with corticosteroids (63).

Compared to G-CSF and GM-CSF, IFN-γ induces the strongest hyphal damage, recorded in a
study where the in vitro effects of the three cytokines on PMNs and MNCs of healthy volunteers were
evaluated (64). Nevertheless, the combination of IFN-γ with either G-CSF or GM-CSF exhibited an
additive effect on anti-Aspergillus activities of human PMNs and MNCs compared to each cytokine
alone (44,55).

The combination of IFN-γ  with TNF-α exhibits an additive effect. Indeed, when the two cytokines
were administered to mice immunosuppressed by corticosteroids with IA, the mortality was mini-
mized (from 40–60% to 0%). This finding was associated with a low fungal burden in organs as
evidenced by culture and histology (63), suggesting a protective role of these cytokines against IA.
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The immunoenhancing role of IFN-γ against aspergilli has been shown in a prospective random-
ized placebo-controlled study in patients with CGD. In this study, the incidence of serious infections
in the IFN-γ group was considerably reduced and the frequency of pneumonia as a result of aspergil-
lus was somewhat decreased (65). In agreement with the above study, several case reports of CGD
patients with IA showed a better outcome after adjunctive IFN-γ treatment (66–69).

4.5. TNF-α
This cytokine increases the O2

– and H2O2 release in response to soluble and particulate stimuli.
Moreover, TNF-α augments the production of other cytokines, such as GM-CSF (reviewed in ref. 70).

In vitro studies have demonstrated that TNF-α enhances the antifungal activities of all the phago-
cytes against A. fumigatus. For example, it stimulates PMNs for damaging hyphae and it enhances
PAM phagocytosis of conidia, although the intracellular killing of conidia remains the same. It also
increases O2

– production by MNCs, but, generally, the effects on MNC functions are moderate (71).
Studies in both neutropenic and nonneutropenic mice infected by A. fumigatus conidia

intratracheally showed increased lung TNF-α levels and peribronchial infiltration of PMNs and
MNCs. In addition, neutralization of TNF-α resulted in reduced levels of the CXC chemokine MIP-
2, the CC chemokines MIP-1α and JE (mouse homolog of human MCP-1), as well as the PMN influx
in the lungs. These results of TNF-α neutralization were associated with increased mortality of both
neutropenic and non-neutropenic animals. When a TNF-α agonist peptide was given to cyclophos-
phamide-treated animals before challenge with conidia, the survival improved, which supports the
prophylactic use of this cytokine (40). In another study, neutralization of TNF-α as well as of GM-
CSF reduced lung influx of PMNs and fungal clearance (32). Additionally, when TNF-α with IFN-γ
were used therapeutically in corticosteroid-treated mice with IA, there was no mortality and a lower
fungal burden in organs, as demonstrated by culture and histology (63).

4.6. IL-12
This cytokine appears to predominantly exert its anti-Aspergillus activity by stimulating IFN-γ

secretion from Th1 cells in vivo (35). However, incubation of peripheral blood mononuclear cells from
healthy adults with recombinant human IL-12 appears to also directly enhance the capacity of human
MNCs to elicit oxidative burst and damage hyphae of A. fumigatus via an IFN-γ-independent route (72).

Resistance in leukopenic mice was associated with unimpaired innate antifungal activity of pul-
monary phagocytic cells, concomitant with a high-level production of TNF-α and IL-12 and the
presence of interstitial lymphocytes producing IFN-γ and IL-2 (73).

Treatment of immunocompetent mice with Aspergillus crude culture filtrate resulted in the devel-
opment of local and peripheral protective Th1 memory responses, mediated by antigen-specific CD4+

T-cells producing IFN-γ and IL-2 capable of conferring protection upon adoptive transfer to naive
recipients (74).

5. CYTOKINES WITH SUPPRESSIVE OR VARIABLE EFFECTS ON HOST
DEFENSE AGAINST A. FUMIGATUS (TABLE 2)

5.1. IL-4
This is a Th2 cytokine with predominant suppressive effects on a variety of immune cells. It

suppresses antifungal activity of mononuclear phagocytes against A. fumigatus hyphae but does not
affect phagocytosis of conidia, findings suggesting a lack of a pathogenic role of IL-4 on early phase
and a suppressive role on late phase of development of IA (75).

Studies on murine IA demonstrated impaired PMN antifungal activity, concomitant with a pre-
dominant production of IL-4 by CD4+ splenocytes. In contrast, treatment with soluble IL-4 receptor
resulted in acquired resistance to the lethal infection and cured more than 70% of the mice (35). In the
same murine model of IA, resistance to A. fumigatus was correlated with intact functions of conidial
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killing and hyphal damage by lung phagocytes. In these mice, resistance could be augmented by gene
knockout-achieved IL-4 deficiency or by neutralization of either IL-4 or IL-10 (73,76). Conversely,
susceptibility to IA was correlated with impaired conidial killing and hyphal damage, as well as with
increased IL-4 and IL-10 production. Furthermore, when IL-4–/– mice were studied, they were more
resistant than wild type (WT) mice to infection caused by multiple intranasal injections of viable A.
fumigatus conidia. These results suggested that IL-4 renders mice susceptible to infection with A.
fumigatus by inhibition of protective Th1 responses (76).

In a murine model of IPA, resistance was associated with a decreased inflammatory lung pathology
and the occurrence of an IL-12-dependent Th1-type reactivity that are both impaired by IL-4 (74).

5.2. IL-10
This pluripotent Th2 cytokine has multiple effects on both PMNs and MNCs. Although it increases

the early host response evidenced as phagocytic activity of mononuclear phagocytes against A.
fumigatus conidia, it suppresses their oxidative burst and antifungal activity against hyphae of the
organism, both of which are late host response events (77).

Although beneficial in some bacterial infections, exogenous IL-10 has been shown to be deleteri-
ous in models of fungal infection. Administration of IL-10 to mice increases susceptibility to the
challenging fungus and reduces survival after infectious challenge (78). IL-10–/– mice survived sig-
nificantly longer than did WT mice during IA (79). Additionally, determination of fungal burdens in
the kidneys and brain showed that IL-10–/– mice carried significantly lower burdens in both organs
than did WT mice on d 3. Semiquantitative histological analyses showed fewer inflammatory foci in
the brain and kidneys of IL-10–/– mice than WT mice and that the extent of infection and associated
tissue injury were greater in WT mice. These data indicate that IL-10 increases the host susceptibility
to lethal infection and the fungal burden in the kidneys and brain, facts that may be related to greater
Th2 or lesser Th1 responses or downregulation of macrophage responses (79).

In IL-10-deficient mice, A. fumigatus infection did not induce significant acute toxicity. To the
contrary, the mice showed reduced fungal burden and fungus-associated inflammatory response. This
fact was associated with upregulation of innate and acquired antifungal Th1 responses, such as a
dramatically higher production of IL-12, NO, and TNF-α as well as IFN-γ by CD4+ T-cells (78). The
suppressive role of IL-10 in host defenses against IA may be associated with the finding that non-
neutropenic patients with IA have higher serum IL-10 levels, and IL-10 levels correlate with a poor
outcome of IA, leading to death (80).

6. CONCLUDING REMARKS

The increasing incidence of IA is of alarming importance in the management of
immunocompromised patients. Stimulation of host defense normalization combined with antifungal
therapy is the cornerstone of successful treatment. Much has been recently learned about phagocytic
cell function and cytokine involvement in immunopathogenesis of IA by a number of in vitro studies.

Table 2
Cytokines with Suppressive or Variable Effects on MNCs and the
Specific Antifungal Functions Against A. fumigatus That They Affect

MNC function IL-4 IL-10

Phagocytosis No ↑
Inhibition of germination No ↑
Conidial killing No No
O2– production ↓ ↓
Hyphal damage ↓ ↓
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The roles of phagocytes and of each cytokine against A. fumigatus have been better understood.
Reconstitution of immune response by either exogenous administration of enhancing cytokines or
transfusion of allogeneic phagocytes treated with enhancing cytokines appears to be a promising
adjunct to antifungal chemotherapy for this difficult-to-treat and frequently fatal disease. Moreover,
caution needs to be exerted during therapy with anti-inflammatory cytokines, which also have sup-
pressive effects on host defenses against A. fumigatus (81). On the other hand, potential inhibition of
suppressive effects exerted by anti-inflammatory cytokines may improve the outcome of IA and this
can serve as a model of immunotherapy for difficult-to-treat infections.
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1. INTRODUCTION

Host defense mechanisms against fungi are numerous and range from relatively primitive and
constitutively expressed, nonspecific defenses to sophisticated adaptive mechanisms that are specifi-
cally induced during infection (1,2). Although the role of innate immunity was originally considered
to be a process for defense of the host early in infection, it is now clear that there is an important
reciprocal relationship between innate and adaptive immune responses (2). Cytokines and other
mediators play an essential role in this process and, indeed, may not only activate the innate cell
population but also drive the adaptive immune response down different pathways of differentiation,
ultimately determining the type of effector response that is generated toward pathogens (2–4).
Cytokines (including interleukin [IL]-12 and interferon [IFN]-γ) are known to act to stimulate either
Th1-type immune responses, which mainly protect against intracellular pathogens, or Th2 responses
involved in protection against extracellular pathogens, such as helminths (including IL-4, IL-5, IL-6,
IL-10, and IL-13) (5). The cytokine microenvironment also influences innate cell populations,
including macrophages, polymorphonuclear neutrophils (PMNs), natural killer (NK) cells, and, par-
ticularly, stimulating the differentiation of dendritic cells (DCs) with distinct immunoregulatory
properties that may promote Th1- or Th2-type adaptive immune responses (6). To limit the patho-
logic consequences of an excessive inflammatory cell-mediated immune reaction, the immune sys-
tem resorts to a number of protective mechanisms, including the reciprocal cross-regulatory effects
of Th1- and Th2-type effector cytokines, such as IFN-γ and IL-4 (5). However, Th2-type cytokines
may also have strong down regulatory effects on the Th1-promoting properties of innate cells. Thus,
innate and adaptive immune responses are intimately linked and controlled by sets of molecules and
receptors that act to generate the most effective form of immunity for protection against pathogens.

Cytokines act in a highly complex coordinated network in which they induce or repress their own
synthesis as well as that of other cytokines and cytokine receptors (7). In addition, many cytokines
appear to be pleiotropic, with the corollary that the cytokine network is highly flexible, because there
is considerable overlap and redundancy between the function of individual cytokines. Therefore,
improved understanding of the function of each individual cytokine may facilitate their use as immu-
nological adjuvants in a variety of vaccination and therapeutic strategies.

 In this chapter, I will outline current concepts of cytokine regulation of the development and
expression of protective and nonprotective immune responses to Candida albicans.
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2. HOST IMMUNE RESPONSE TO C. ALBICANS INFECTION:
AN INTEGRATED VIEW

Candida albicans is associated with a wide spectrum of diseases in humans, ranging from allergy,
severe intractable mucocutaneous diseases to life-threatening bloodstream infections (8). Candidal
infections are a significant clinical problem for a variety of immunocompetent and immuno-
compromised patients (9,10). In the latter group, neutropenia and acquired immunodeficiency syn-
drome (AIDS) epitomize the two major conditions (i.e., the defect in antifungal effector function and
the defect in T-cell directive immunity, which predispose to invasive and superficial infections,
respectively) (3). The beneficial effect of immunomodulators in clinical and preclinical models of the
infection (11–13) suggests that maneuvers aimed at restoring the host defective antifungal immune
responsiveness can be exploited for prophylaxis and therapy.

Innate and acquired cell-mediated immunity have been acknowledged as the primary mediators of
host resistance to C. albicans (1–3). With the recognition of the reciprocal influences between the
innate and the adaptive Th immunity (14), it appears that an integrated immune response determines
the lifelong commensalism of the fungus at the mucosal level, as well as the transition from mucosal
saprophyte to pathogen.

 Innate immunity plays an essential role in orchestrating the subsequent adaptive immunity to C.
albicans (15, 16). Through the involvement of a set of germline-encoded receptors (referred to as
pattern recognition receptors [PRRs]) (17–20), cells of the innate immune system not only discrimi-
nate between different forms of C. albicans, but also contribute to discrimination between self and
pathogens at the level of the adaptive Th immunity (19,21,22) (see Fig. 1). As the different Th cell
subsets are endowed with the ability to release a distinct panel of cytokines, capable of activating and
deactivating signals to effector phagocytes, the activation of an appropriate Th subset may be in-
strumental in the generation of a successful immune response to the fungal pathogen (15,22–26) (see
Fig. 2). In its basic conception, the paradigm calls for (1) an association between Th1 responses and
the onset/maintenance of phagocyte-dependent immunity, critical for opposing infectivity of the com-
mensal or clearing pathogenic fungi from infected tissues, (2) the occurrence of Th2 responses in
infections and diseases, and (3) the reciprocal regulation of Th1 and Th2 cells, occurring either
directly or through regulatory T-cells, resulting in a dynamic balance between these two types of
reactivity, that may operate from commensalism to infection and may contribute to the induction and
maintenance of protective memory antifungal responses with minimum immunopathology.

2.1. The Innate Immunity
2.1.1. The Antifungal Effector Mechanisms

The observation that invasive candidiasis occurs in concomitance with defects in PMN number
and functions (27), together with the detection of cells and mediators of the innate immune system
with antifungal effector activities (3), has led to the central dogma of resistance to invasive candidi-
asis [i.e., that resistance is mediated by the innate immune system, which includes circulating PMNs
and monocytes, tissue macrophages, natural killer cells, and soluble molecules, including opsonins
(specific antibodies, and components of classical and alternative complement pathways), mannose-
binding proteins, collectins, and defensins (2, 3, 21, 22)]. Although freshly isolated phagocytic cells
clearly express intrinsic anti-Candida activity, numerous studies have demonstrated that expression
of the full candidacidal function of both neutrophils and monocyte/macrophages requires activation
by colony-stimulating factors (CSFs) (3,11). However, optimal expression of the antifungal effector
activity of cells of the innate immune system is attained in association with antigen-driven immune
responses (2, 3). This may occur through the release of cytokines with activating (IFN-γ/tumor necro-
sis factor [TNF]-α) and deactivating IL-4/IL-10 signals to effector phagocytes (28).

 It is becoming clear that the engagement of distinct receptors and PRRs on phagocytic cells may
result in profoundly different downstream intracellular events that have important consequences in
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Fig. 1. Immunological determination of self and non-self in candidiasis. Pathogen-associated molecular pat-
terns (PAMPs) of C. albicans are recognized by innate immune cells (including dendritic cells, macrophages, and
neutrophils) via PRRs. This process signals to innate cells the presence of the foreign organism and activates the
secretion of a battery of effector cytokines that play a variety of roles in directing the immune response.

the expression of the overall antifungal immune defense. Thus, although binding and internalization
of fungal cells by PMNs may occur through mannose receptors (MR), complement receptor 3 (CR3),
and receptors for immunoglobulins (FcR), effective phagocytosis and killing of C. albicans occurs
via targeting FcγRI (CD64) and FCαRI (CD89) receptors (reviewed in ref. 21). As with PMNs,
internalization via constitutively competent MR does not represent an effective way of clearing the
yeasts by macrophages. Actually, the enhancement of phagocytosis and killing of C. albicans by
macrophages correlated with a decreased number of mannose receptors (29). The most efficient
uptake is dependent on CR3-mediated phagocytosis of both serum opsonized and unopsonized yeasts,
a process inhibitable by cell wall components of the fungus (reviewed in ref. 21). However, interac-
tion with macrophage CR3 leads to suppression of the immune response to the microorganism (fur-
ther discussed in Subheading 2.1.2.). Thus, phagocytes use different receptors to phagocytose
opsonized and unopsonized Candida cells (21,22).

Recent studies indicated that DCs also behave as potent antifungal effector cells in C. albicans
infection (19). These cells may be of particular importance in candidiasis, considering that the fungus
behaves as a commensal as well as a true pathogen of skin and mucosal surfaces (8), known to be
highly enriched with DCs. DCs phagocytose both yeast and hyphal forms of the fungus through differ-
ent receptors and phagocytic mechanisms. After phagocytosis of yeasts or hyphae, the downstream
cellular events are clearly different. Ingestion of yeasts, but not hyphae, activates DCs for candidacidal
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activity, including nitric oxide production. Thus, these results indicate that DCs may fulfill the re-
quirement of a cell uniquely capable of sensing the different forms of fungi in terms of antifungal
effector functions and type of Th immune responses elicited (further discussed in Subheading 2.1.2.).

Although the effectiveness of this effector system is undoubtedly acknowledged, it has also been
recognized that invasive infections may occur in the presence of an adequate effector count, a finding
emphasizing the concepts that optimal antifungal immune resistance is achieved through the com-
bined and interdependent effort of innate and adaptive immune mechanisms and that the innate im-
mune system functions as both a guide and instructor of the subsequent adaptive immunity.

 2.1.2. The Instructive Role
The instructive role of the innate immune system in the adaptive immune responses to C. albicans

occurs at different levels (30). Qualitative or quantitative defects of antifungal effector phagocytes
results in the development of anticandidal Th2, rather than Th1, cell responses (30, 31). As CD4+ Th
cell differentiation in vivo was found to be critically affected by the tissue fungal load (30), an impor-
tant role of phagocytic cells relies on their ability to control the fungal growth through their antifun-
gal effector mechanisms. In addition to this, however, the instructive role of the innate immune system
in the adaptive immune response to the fungus is operative at the levels of discriminative productions
of cytokine and expression of costimulatory molecules (30). Discrimination occurs though the in-
volvement of PRRs, including the Toll-like receptors (TLRs), recognizing invariant molecular struc-
tures shared by fungi [also known as PAMPs (pathogen-associated molecular patterns) (18,19,21,22)].
PRRs and TRLs now appear to be involved in the recognition of PAMPs on different classes of
pathogens: lipopolysaccharide (LPS) of Gram-negative bacteria, lipoteichoic acid and peptidoglycan

 Fig. 2. Cytokine regulation of the innate and adaptive immunity to C. albicans. Cells of the innate immune
system, by discriminating between different forms of the fungus, produce sets of cytokines and costimulatory
molecules through which signals to the adaptive T-helper (Th) immune system. Effector cytokines produced by
Th1 or Th2 cells may, in turn, feed back on the innate immune system, affecting both its antifungal effector and
immunomodulatory functions. Solid and dotted lines refer to positive and negative regulatory pathways,
respectively.
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of Gram-positive bacteria, mannan and glucan of fungi, phosphoglycan of parasites and unmethylated
CpG motifs from procaryotic DNA (18).

In candidiasis, the engagement of PRRs and TLRs with PAMPS creates signals that (1) induce
opsonization for phagocytosis and/or the activation of the lectin pathways of complement, (2) pro-
mote phagocytosis, and (3) induce effector functions that initiate the expression of inflammatory
cytokines and the adaptive immunity (32).

The PAMP/PRR interactions are important for stimulating cellular secretion of effector cytokines.
The types of effector cytokine that are produced by cells of the innate immune system, particularly
DCs, are induced by the types of antigen that bind particular PRRs on innate cells. For example, the
mannose receptor induced expression of some cytokines, such as IL-1α, IL-6, IL-12 and granulo-
cyte–macrophage-CSF (GM-CSF) in response to the fungus, whereas some chemokine responses
were mediated by other receptors (33). The engagement of another PRR, the FcγR, down regulated
the production of IL-12 by DCs, thereby favoring the development of a Th2-type adaptive immune
response (32). It is interesting to note that the engagement of FcγR mainly occurs with the hyphal
form of the fungus, a finding linking fungal virulence to the development of a nonprotective Th
response. From this scenario, it follows that if the entry of fungal cells occurs through a phagocyte
receptor other than the MRs, this may result in a failure to activate IL-12-dependent protective Th1
responses. Thus, not only are different PRRs involved in the recognition of the different forms of the
fungus, but also the engagement of different PRRs is involved in different cellular responses. Alter-
natively, the use of different PRRs by the different forms may represent one important strategy of
immune evasion and parasitism of the fungus. This seems to be the case. CR3 engagement is one of
the most efficient receptors for the uptake of opsonized yeasts (21). However, as already stated, for
effective killing and cytokine release to occur, the concomitant engagement of the FcγRI or FCαRI
receptors is required (21). Thus, signaling through CR3 may not lead to phagocyte activation. It has
recently been shown that signaling via CR3 down-regulates IL-12 production in response to Histo-
plasma capsulatum (34). In the case of C. albicans, the interaction with macrophage CR3 led to
suppression of the immune response to the fungus. Interestingly, CR3 has binding sites for Candida
hyphae more than Candida yeasts (35) and therefore may represent one of the most important bind-
ing sites for the hyphal form. This may result in a failure to induce IL-12 and protective Th1 immu-
nity in response to Candida hyphae. Chiani has recently reported that human monocytes fail to induce
IL-12 in response to the hyphal form of the fungus (36). As discussed next, effector cytokines are, in
turn, important for regulating expression and functions of PRRs.

All together, these observations suggest that the use of the different PRRs, either alone or simulta-
neously, may result in the coupling or uncoupling phagocytosis with inflammatory and immunologi-
cal response∆  Hence, the innate immune system appears to have the ability to autonomously decide
whether or not to implicate the adaptive immune system.

2.2. The Adaptive Immunity: The Th Paradigm

The clinical circumstances in which recurrent Candida infections occur definitely suggest an
association with impaired cell-mediated immunity, yet only in the last decade has direct evidence of
this relationship been obtained in experimental models of mucosal or invasive candidiasis (3,15,23–
26,37,38). The general thrust of these studies is that the major function of the T-lymphocytes in
Candida infections is the production of cytokines with activating and deactivating signals to fungi-
cidal effector phagocytes. Therefore, host resistance to the fungus appears to be dependent on the
induction of cellular immunity, mediated by T-lymphocytes and nonspecific effector phagocytes
(2,3,22). The qualitative pattern of cytokines secreted by T-cells will ultimately determine the effi-
cacy of the effector response mediated by phagocytes.

The discovery that subsets of CD4+ Th cells could be distinguished according to their ability to
produce discrete patterns of cytokines (5) offered the conceptual framework of the adaptive immu-
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nity in C. albicans (15,23–26). Th1 cells, by their production of IFN-γ and TNF-α, are responsible
for directing cell-mediated immune responses to the fungus. By producing IL-4 and IL-10, Th2 cells
have been strongly implicated in dampening the protective antifungal Th1 immunity and mediating
fungal allergy. That acquired immunity to C. albicans correlates with the expression of local or
peripheral Th1 reactivity has also been confirmed by studies in adult healthy humans (38,39). Under-
lying acquired immunity to the fungus, such as the expression of delayed-type hypersensitivity, the
fungus is demonstrable in adult immunocompetent individuals and is presumed to prevent mucosal
colonization from progression to symptomatic infection (23–26). The expression of this cutaneous
reactivity is often defective in neonates, in immunocompromised individuals, as well as in patients,
with recurrent or persistent infection with the fungus or immunopathology associated with it (23–25).
Human lymphocytes show strong proliferative responses after stimulation with Candida antigens
(40) and produce a number of different cytokines (41). Because of their action on circulating leuko-
cytes, the cytokines produced by Candida-specific T-cells may be instrumental in mobilizing and
activating anticandidal effectors (28), thus providing prompt and effective control of infectivity once
Candida has established itself in mucosal tissues or spread to internal organs. A Th1-type reactivity
may characterize the saprophytic yeast carriage of healthy subjects, whereas Th2-type responses
would be mostly associated with susceptibility to recurrent or persistent infection (42) and allergy
(25). For example, in patients with a defective IL-12/IFN-γ pathway, such as those with
hyperimmunoglobulinemia E syndrome, both an impaired IL-12 response to the fungus (43) and
visceral candidiasis (44) are observed. Of interest, suppression of cell-mediated immunity may be a
consequence of C. albicans infection, as demonstrated by much experimental and clinical evidence.
Polysaccharide antigens of the fungus generate a complex series of interactions resulting in the sup-
pression of both T- and B-cell responses to the homologous antigen. These effects are mediated by
antigen-nonspecific inhibitory factors that are able to block the synthesis of cytokines by human
monocytes and T-cells (reviewed in ref. 26).

It is important to note that experimental and clinical evidence indicate that differences may exist
in cell and cytokine requirement for antifungal resistance at mucosal or peripheral levels (26,37), a
notion exemplified by the long-recognized association between disseminated candidiasis and quali-
tative and quantitative defects of neutrophils and between chronic mucosal infections and T-cell
abnormalities (8). The concept of a reciprocal regulation between the phagocyte system and the T-
cell compartment may provide a unifying thread between the systemic immune responses and events
occurring at the mucosal surface. The expression of acquired resistance at both mucosal and
nonmucosal effector sites may involve common mechanisms in humans who develop systemic im-
munity as a consequence of their mucosal colonization. These mechanisms likely operate through the
action of Th1 lymphocytes, the cytokines they release, and nonspecifically activated effector cells.
The unitary role for cell-mediated immunity in anticandidal resistance would predict that, for
example, eradication of an established infection, whether superficial or deep-seated, could be accel-
erated by recruitment of antigen-specific cells that would provide the locally high cytokine concen-
trations needed for optimal activation of the anticandidal effector phagocytes.

3. CYTOKINES IN RESPONSE TO C. ALBICANS INFECTION

Upon contact with C. albicans, cells of the innate immune system release a battery of chemokines
and cytokines that have profound effects on the functional activity of the innate response and on
subsequent events of adaptive immunity. The local release of these effector molecules serve to regu-
late cell trafficking of various types of leukocyte, thus initiating the inflammatory response, and to
activate phagocytic cells to a microbicidal state. The role of chemokines in candidiasis is relatively
unknown. It has been shown that this organism can induce the production of chemokines (reviewed
in ref. 4). In vitro studies have shown that peripheral blood mononuclear cells produce some
chemokines upon exposure to the fungus. Interestingly, the production of chemokines appears to
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occur differently in response to the yeast or hyphal forms of the fungus (45) and to be dependent on
the engagement of selective PRRs (33). A prominent role for macrophage chemoattractant protein
(MCP)-1 in the local control of the infection was observed in experimental vaginal candidiasis, where
MCP-1 neutralization resulted in an increased infectivity of the fungus (46). Instead, truncated CXC
chemokines might aid in the clearance of disseminated C. albicans infection, as administration of
truncated KC increased survival of mice to the infection (47).

Tumor necrosis factor-α, IL-1β, IL-6, IL-8, and CSFs are proinflammatory cytokines readily pro-
duced upon interaction of phagocytes and fibroblasts with fungal cells and are detected in Candida
sepsis (21, 22, 48, 49). TNF-α is essential in the innate control of disseminated infection caused by C.
albicans (30,50). It is produced by PMN in an opsonic-dependent manner (51) and by macrophages
in response to β-1,2 linked mannooligosaccharides (51) and in a Fas–FasL-dependent interaction
(53). TNF-α is also produced by endothelial cells in response to the fungus and mediates the secre-
tion of IL-8 by these cells (54). The cytokine regulates the recruitment of inflammatory cells, triggers
the respiratory burst and induces expression of costimulatory molecules. Although IL-1 shares many
properties with TNF-α, both IL-1β and IL-6, which mainly act through recruitment of PMNs, do not
seem to be as essential as TNF-α in the innate antifungal response. Administration of IL-1β has been
beneficial in mice with candidiasis; nevertheless, IL-1 deficiency does not increase the susceptibility
of mice to the infection as does IL-6 deficiency (30). IL-8 is implicated in the recruitment and func-
tional activation of PMN against the fungus (55,56).

Interferon-γ is a key cytokine in the innate control of the infection (57,58). It stimulates migration,
adherence, phagocytosis, and oxidative killing of PMNs and activates macrophages and endothelial
cells for fungicidal activity. Studies in mice and humans have clearly shown the importance of IFN-
γ as one major determinant of innate resistant to candidiasis (57, 58). However, other studies have
revealed the dispensability of IFN-γ as an effector molecule (59, 60), thus revealing the complex role
of IFN-γ in the intimate intricacy between the innate and the adaptive immunity to the fungus (further
discussed in Subheading 5).

Interleukin-12 is recognized as essential for the induction of protective Th1 responses to the fun-
gus (61). Upon phagocytosis of the fungus, IL-12 is produced by different cells, including PMNs
(61), monocytes (36) and DCs (19). IL-12 shares with IL-18, both produced during infection, the
ability to induce IFN-γ (61,62). For PMNs and DCs, IL-12 appears to be released in response to a
Candida strain that initiates Th1 development in vivo and inhibited in response to a virulent strain
(19,31). Human PMNs also produce bioactive IL-12 in response to a mannoprotein fraction of C.
albicans, capable of inducing Th1 cytokine expression in peripheral blood mononuclear cells (61).
Because of the large number of neutrophils present in the blood or inflammatory tissues in infection
(31), it is likely that neutrophil production of cytokines may influence the development and/or main-
tenance of the Th repertoire to C. albicans.

Interleukin-2 is detected in mice with candidiasis, and its production, early in infection, correlates
with disease progression (63). However, IL-2 also have a critical role in the activation of innate
effector cells, because of the selective presence of IL-2Rβ on effector phagocytes (64).

One most important cytokine produced in the course of the infection is IL-10. It is readily pro-
duced by macrophages (65) and PMNs (31) upon phagocytosis of the fungus and plays a crucial role
in determining susceptibility to the infection (30). High levels of IL-10 are seen in patients with
chronic disseminated candidiasis (66). IL-10 acts by impairing the antifungal effector functions of
phagocytes, including secretion of inflammatory cytokines and IL-12, and by inhibiting the develop-
ment of protective cell-mediated immunity (30,67,68). It also acts as one major cytokine discriminat-
ing between virulent and less virulent forms of the fungus (31,69).

Similar to IL-10, transforming growth factor (TGF)-β is produced by macrophages and appears to
discriminate between virulent and less virulent forms of the fungus in mice with candidiasis (70). In
addition, TGF-β is a pivotal cytokine in regulating the levels of local cell-mediated immune reactiv-
ity in vaginal candidiasis (71).
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In addition to IL-10, IL-4 may act as one major discriminative factor of susceptibility and resistance
in disseminated candidiasis (30). Ablation of IL-4 renders susceptible mice resistant to candidiasis.
Although IL-4 may inhibit the fungicidal activity of phagocytes (28,72), it also activates phagocytes
(73–75). Thus, one likely mechanism of the inhibitory activity of IL-4 in infection relies on its ability to
promote Th2 reactivity, thus dampening protective Th1 responses. It has been found that DCs produce
IL-4 upon phagocytosis of hyphae but not yeasts of C. albicans (19), thus sensing the different forms of
the fungus in terms of cytokine production. Ingestion of yeasts activated DCs for IL-12 and nitric oxide
production and priming of Th1 cells, whereas ingestion of hyphae inhibited IL-12, nitric oxide, and Th1
priming, and induced IL-4 (19). These results indicate that DCs fulfill the requirement of a cell uniquely
capable of sensing the virulent and nonvirulent forms of the fungus in terms of type of immune response
elicited. Considering that the morphogenesis of C. albicans is activated in vivo by a wide range of
signals (76) and that human DCs also phagocytose C. albicans (77) and activate T-cell responses to the
fungus, DCs appear to meet the challenge of Th priming and education in C. albicans saprophytism and
infections. Figure 3 illustrates the most important cytokines and their functions in candidiasis.

4. CROSS-REGULATION OF ADAPTIVE AND INNATE
IMMUNITY BY CYTOKINES

Th1 and Th2 CD4+ T-cells develop from a common naive CD4+ T-cell precursor and several
parameters have been reported to influence the pathway of differentiation of CD4+ T-cell precursors
(5). Among these, cytokines appear to play a major role, acting not only as modulators of antifungal
effector functions but also as key regulators in the development of the different Th subsets from
precursor Th cells. Development of protective anticandidal Th1 responses requires the concerted
actions of several cytokines such as IFN-γ, TGF-β, IL-6, TNF-α and IL-12 in the relative absence of
inhibitory Th2 cytokines, such as IL-4 and IL-10, which inhibit the induction of Th1 responses
(15,26). Early in infection, neutralization of Th1 cytokines (IFN-γ and IL-12) leads to the onset of
Th2 rather than Th1 responses, whereas neutralization of Th2 cytokines (IL-4 and IL-10) allows for
the development of Th1 rather than Th2 cell responses. These evidence illustrate that the profiles of
cytokines that are induced early in infection are of critical importance for the subsequent immuno-
logical control of the infection. The initial encounter with the fungus elicits an innate response that
will, to a large extent by means of cytokines, determine the nature of the ensuing adaptive response.

As already emphasized, cytokines expressed during the adaptive immune response may, in addi-
tion to regulating the expression and maintenance of Th cell phenotypes, also act on innate cells as a
feedback mechanism for the purpose of controlling the infection and the maintenance or amplifica-
tion of immunity. The feedback control by cytokines is operative at both the levels of effector func-
tion and instructive activity. Thus, TNF-α, IFN-γ, and IL-2 are all endowed with the ability to activate
effector phagocytes to a fungicidal state (28,64). In contrast, both IL-4 and IL-10 are potent inhibi-
tors of the effector activity of monomorphonuclear and polymorphonuclear cells against the fungus
(28,67,72). Both the oxidative- and nonoxidative-dependent mechanisms of fungal killing are oppo-
sitely regulated by Th1 and Th2 cytokines (78–80). Cytokines also regulate the expression levels of
costimulatory molecules on innate cells, thus directly affecting the crosstalk between cells of the
innate and the adaptive immunity. In this regard, both TNF-α and IL-10 were found to be required for
optimal expression of costimulatory molecules on phagocytes (30).

Effector cytokines are also important for regulating expression and functions of PRRs. The man-
nose-receptor-mediated uptake of unopsonized Candida yeasts may lead to phagocyte abuse if not
accompanied by the coordinate activation of the cell cytotoxic machinery (29). Increased expression
of the receptor with no induced cytotoxicity was induced upon exposure of macrophages to IL-4 (74).
In contrast, IFN-γ downregulated the expression of macrophage mannose receptors and, neverthe-
less, results in effective killing, presumably via increased coupling of the receptor to cytotoxic func-
tions (29). Thus, Th1 and Th2 cytokines may cooperate to stimulate mannose-receptor-mediated
phagocytosis of the fungus (73).
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5. THE CYTOKINE PARADOXES IN CANDIDIASIS: RULES AND EXCEPTIONS

Further studies have clearly revealed that individual cytokines can produce opposing effects depend-
ing on dose and timing of their participation in the immune response and that some cytokines exert their
effects on both the innate and adaptive immunity. For instance, both qualitative and quantitative changes
in antifungal effector functions of phagocytic cells, particularly neutrophils, and the activation of
nonprotective Th2 responses are observed in the absence of TNF-α or IL-6 (30). One likely mechanism
of Th2 development in mice with candidiasis is the increased fungal burden in the organs, as the pro-
duction of IL-4, and hence Th2 activation, is strictly dependent on the fungal dose (31). Therefore, the
defective antifungal effector functions of phagocytes and, consequently, the unopposed fungal growth
may account for the failure to mount a protective Th1 response in the absence of TNF-α or IL-6.
However, TNF-α was also found to be required for optimal expression of costimulatory molecules on
phagocytic cells and for IL-12 responsiveness in CD4+ Th1 cells, whereas decreased production of
IL-12 and increased production of IL-10 occurred in the absence of IL-6 (30). Therefore, a cytokine
may exert disparate and multiple activities in the immune response to the fungus.

Interferon-γ, like TNF-α, is one major activating signal for effector phagocytes (28,57). However,
the absence of IFN-γ can be compensated for by other activating signals for the prompt and efficient
activation of the innate immune system (59). Instead, the absence of IFN-γ correlated with the failure
to mount protective anticandidal Th1 responses because of an impaired IL-12 responsiveness rather
than IL-12 production (59). The activities of IL-12 are mediated through a high-affinity receptor
composed of two subunits, designated β1 and β2. Of these two subunits, β2 is more restricted in its
distribution, and regulation of its expression is likely a central mechanisms by which IL-12 respon-
siveness is controlled (81). Indeed, the IL-12Rβ2 subunit expression on activated CD4+ Th1 cells is

Fig. 3. Major features of the most important cytokines in the immunity to C. albicans.
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known to correspond to loss of IL-12 responsiveness and represents an early step in the commitment
of T-cells to the Th2 pathway (82). Because IFN-γ is necessary to override the IL-4-induced inhibi-
tion of IL-12β2 receptor expression in Th1 cells (82), it is likely that in murine candidiasis, the Th1-
promoting activity of IFN-γ may rely on its ability to maintain IL-12 responsiveness on CD4+ cells,
by sustaining the IL-12Rβ2 expression.

Interleukin-2 belongs to the Th1 effector cytokines, with activating activity for effector phago-
cytes (64). However, high levels production of IL-2, early in infection, correlated with disease pro-
gression in susceptible mice (63). Thus, the positive activating signal for cells of the innate system is
counteracted by the Th2-promoting activity of the cytokine. Therefore, IL-2 may have opposite effects
in cells of the innate and adaptive immune systems.

Although IL-4 impaired the antifungal function of effector cells, induced anticandidal Th2 devel-
opment and exogenous IL-4 exacerbated candidiasis in mice, IL-4 also primed neutrophils for IL-12
synthesis (75). This may account for the requirement for IL-4 in the generation of memory
anticandidal Th1 response. Paradoxically, the induction and maintenance of memory Th1 resistance
also requires IL-10 and TGF-β (15). Thus, cytokines with inhibitory activity in developing Th1 cell
responses are indeed required for sustained Th1 reactivity to the fungus. The possible regulatory cells
and mechanisms underlying the expression of immunological memory to C. albicans are not yet
understood. However, it is intriguing that different Th cells and cytokines are produced in response to
different fungal antigens (83). It is possible that the temporally distinct expressions of different anti-
gens during fungal growth in vivo have a role in the expression of immunological memory responses
to C. albicans, through the induction of regulatory T-cells.

Interleukin-10 impaired the development of protective Th1 responses through inhibition of the
nitric oxide-dependent mechanism of antifungal activity of effector phagocytes (67,78–80). How-
ever, IL-10 was also required for optimal development of Th1 cells by regulating the expression of
costimulatory molecules on innate cells (84). Thus, IL-10 had opposite effects on infection, largely
dependent on its concentration (78).

Altogether, the data indicate that (1) the cytokine requirement for the expression of innate antifun-
gal defense may be different from that required for the expression of Th1-mediated protection, (2) a
single cytokine may participate in both the innate and the adaptive phase of the response to the
fungus, sometimes exhibiting opposite effects, (3) the effect of cytokines may depend on the dose,
and (4) a hierarchic pattern exists of cytokine-mediated regulation of antifungal Th cell development
and effector function. Early in infection, production of some proinflammatory cytokines (TNF-α and
IL-6) appears to be essential for the successful control of infection and the resulting protective Th1-
dependent immunity. Both IL-12 production and IL-12 responsiveness are required for the develop-
ment of Th1 cell responses, which are maintained in the presence of physiological levels of IL-4,
IL-10, TGF-β, and IL-18. Thus, a finely regulated balance of directive cytokines, rather than the
relative absence of opposing cytokines, appears to be required for optimal development and mainte-
nance of Th1 reactivity in mice with candidiasis. Figure 4 summarizes some cytokine paradoxes in
candidiasis.

6. CYTOKINES AS ADJUVANT THERAPY

As clinical resistance represents a significant component of the overall drug resistance of the
antifungals (87), one major strategy to prevent antifungal drug resistance is to improve the immune
functions of the immunocompromised host. A variety of cytokines (57,58), chemokines (47) and
growth factors (88,89) proved to be beneficial in experimental fungal infections. However, establish-
ing the clinical utility of cytokines as therapy for fungal infections in patients has been difficult (12).
The basic strategies pursued include the increase of number, function, and mobility of phagocytic
effector cells, as cytokines, effector cells, and antifungals work synergistically to oppose fungal
growth. The CSFs have been the target of most investigations (11,90,91).
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Recently, the Th1/Th2 balance itself was found to be the target of immunotherapy (89–92). Read-
dressing the Th balance by combination therapy with cytokines or cytokine antagonists represented
an effective strategy for the treatment of candidiasis in immunocompromised and nonimmuno-
compromised hosts. Indeed, the therapeutic efficacy of antifungals in experimental candidiasis was
significantly increased by the concomitant inhibition of Th2 cytokines, or the addition of Th1
cytokines and depended on host immune reactivity (92,93). Moreover, the efficacy of antifungals
relied on the concomitant cytokine milieu, as, for instance, the efficacy of amphotericin B was in-
creased in the absence of IL-4 and decreased in the absence of IFN-γ. Also, the requirement for
cytokines was different among antifungal drugs. Thus, in experimental protocols of therapy, ampho-
tericin B, more than fluconazole, synergized with IL-4 inhibitors in the accomplishment of antifungal
activity, whereas fluconazole, more than amphotericin B, synergized with IL-12 (93). All together,
these experimental evidence indicate that potentiating the Th1 pathway or dampening the Th2 path-
way are possible strategies of immune intervention in combination with antifungals.

7. CONCLUSIONS

A large body of evidence supports the model of specific immunity to C. albicans infections as being
highly susceptible to cytokine influences and reciprocally regulated by cells of the innate immune sys-
tem (94,95). Unfortunately, despite encouraging studies in both preclinical and experimental settings,
there has been only a small series of studies using immune modulators in treatment of human fungal
infections (96). The Th1/Th2 paradigm, although somewhat simplistic, appears to be useful in the iden-
tification of cytokines suitable for clinical intervention. The identification of PRRs as a critical compo-
nent of the innate recognition system is a fundamental breakthrough in immunology, which may have
important clinical implications. The understanding of those PRR functions and dysfunctions that are
suitable for cytokine manipulation in candidal infections remains a future challenge.
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Th1 and Th2 Cytokines in Leishmaniasis

Fabienne Tacchini-Cottier, Geneviève Milon, and Jacques A. Louis

1. INTRODUCTION

The intracellular protozoan Leishmania are obligate parasites of macrophages that can infect vari-
ous mammalian hosts such as rodents, dogs, and humans (1). At least 20 Leishmania species can
trigger pathogenic processes in humans. The host-to-host transmission of the parasite occurs through
the bite of its hematophagous vector, the female sandfly, which is of the genus Phlebotomus in the
Old World and Lutzomyia in the New World.

In humans, a large spectrum of clinical manifestations characterize the long-term parasitism driven
by Leishmania spp, ranging from asymptomatic, mild, self-curing to fatal diseases. Cutaneous leish-
maniasis (CLs) is mainly due to Leishmania major in the Old World. It is self-limiting and self-
curing but may leave disfiguring scars. CL resulting from L. tropica is more chronic and its most
severe form is difficult to cure. In both cases, spontaneous cure and long-standing immunity are the
most common outcome. In the New World, L. mexicana usually causes benign self-healing lesions.
Leishmaniasis recidivans (LR) and diffuse cutaneous leishmaniasis (DCLs) may follow simple cuta-
neous cases in rare conditions involving immune and nonimmune contexts.

Mucocutaneous leishmaniasis (MCLs) can lead to partial or total destruction of the mucosal epi-
thelia of the mouth, nose, throat, and surrounding tissues. It is mostly related to Leishmania species
of the New World. Its initial phase starts at the site of parasite delivery, namely the skin; Metastatic
spread of the parasite to mucosal tissues arises years later after healing of the initial lesion.

Parasites of the L. donovani complex are the causal agents of visceral leishmaniasis. Most human
infections with this visceralizing strain remain subclinical and are not diagnosed. In visceral leishma-
niasis (kala-azar), which is potentially lethal if not treated, uncontrolled parasite burden is observed
in organs such as the spleen, liver, and bone marrow, which are distant from the cutaneous sites of
parasites delivery. It is characterized by anemia, splenomegaly, hepatomegaly, irregular fever, and
loss of weight. The most severe form is fatal if untreated. Post-kala-azar dermal leishmaniasis (PDKL)
may occur at the end of chemotherapy.

2. EXPERIMENTAL MODELS OF LEISHMANIASIS

Mice have been widely used as experimental hosts of leishmania to decipher some of the features
of human leishmaniasis. The outcome of this experimental infection may differ according to the
strain of parasites used, the genetic background of the host, the site(s) of parasite inoculation, the
developmental stage of the Leishmania inoculum, and the reactivity of the host immune system.
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2.1. Experimental Models of Cutaneous Leishamaniasis
2.1.1. Mouse Models of Cutaneous Leishmaniasis Following Infection with L. major

Subcutaneous injections of L. major stationary-phase promastigotes in mice of most inbred strains
such as C57BL/6, 129/SV, and C3H/He lead to self-healing cutaneous lesions. Following parasite
inoculation (millions of stationary-phase promastigotes), the surviving/invasive parasites establish them-
selves at the site of L. major inoculation and within the draining lymph node, with no further parasite
spreading during the first 3 d following parasite inoculation (2,3). A small lesion develops that heals
slowly, and the site of inoculation (most often the footpad) is back to normal size by 5–6 wk after L.
major inoculation. In addition, these mice will not develop any lesion if they receive a second inoculum
of L. major. These mice are referred to as mice “resistant to infection with L. major.”

In susceptible strains such as BALB/c mice, subcutaneous delivery of L. major stationary-phase
promastigotes induces the development of a lesion that does not heal. The surviving/invasive para-
sites establish themselves not only within the site of inoculation and the draining lymph node but also
in the spleen and liver (visceralization). This spreading is associated with progressive disease. If
BALB/c mice receive a second inoculum of L. major, a lesion will develop: these mice are referred to
as “mice susceptible to infection with L. major.”

This extensively studied model of infection has contributed to the unraveling of some of the com-
plex interactions occurring between the Leishmania parasite and the immune system of its mamma-
lian host (reviewed in refs. 3 and 4).

In most of the instances, relatively high doses of stationary-phase parasites (106–107) were injected
within the footpads of mice. Delivery within the ear dermis of a low dose of L. major metacyclic
promastigotes has also been used in an attempt to mimic more closely the natural conditions of L.
major delivery (5). Although relevant, the data obtained with this model will not be reviewed within
the present chapter.

2.1.2. Other Models of Cutaneous Leishmaniasis
Experimental murine infections with Leishmania of the mexicana complex, L. mexicana mexicana,

and L. mexicana amazonensis, induce nonhealing lesions in mice of the same strains known to be
“resistant to L. major infection,” such as C57BL/6 and C3H (6,7). Subcutaneous infection of BALB/
c mice with high numbers of L. mexicana mexicana promastigotes induces slowly progressive pri-
mary lesions that do not heal, although they ulcerate less rapidly than the lesions of BALB/c mice
infected with L. major promastigotes (8).

Hamsters have also been reported to be susceptible to infections by L. b. brazilensis, L. mexicana,
and L. amazonensis (9,10). Differences in lesion progression have been observed according to the
site of inoculation chosen. Such differences have also been reported following infections with L.
major (11).

2.1.3. Relevance of the Mouse Model to Human Leishmaniasis
So-called resistant mice healing subcutaneous infections with L. major develop a self-limiting

cutaneous ulcer sharing many features with the human lesion.
Nonhealer (“susceptible”) animals differ in some aspects from human skin infections that do not

heal, such as DCL. For example, after L. major infection, no visceralization is observed in humans,
whereas it is observed in nonhealing BALB/C mice infected with this parasite. The immune pro-
cesses developing in these mice may, however, constitute an interesting model for deciphering the
chronic features of cutaneous leishmaniasis.

2.2. Murine Models of Visceral Leishmaniasis
There exist several murine models of so-called visceral leishmaniasis that share some pathologic

features such as hepatosplenomegaly and granuloma formation, with human kala-azar (12).
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Considerable work has been performed using L. donovani in mice. In this experimental model,
parasitism is initiated by the intravenous injection of parasites. Resident macrophages of the liver,
spleen, and bone marrow become rapidly parasitized. According to their genetic backgrounds, mice
differ in their early and late reactivity to the parasitic processes driven by L. donovani. Most often,
the parasite load increases generally in the liver, spleen, and within the bone marrow. Recently, the
subsets of mononuclear phagocytes parasitized by L. donovani were described (13). Less frequently,
hepatosplenomegaly is also noticed as a very late feature.

Mice resistant to L. donovani contain the infection and their spleen and liver revert to normal size.
In mice of susceptible phenotype, the infection is not contained, especially within the spleen, leading
to the death of the animal.

The L. infantum and L. chagasi parasite subspecies of the L. donovani complex have also been
delivered intravenously to mice of different genetic backgrounds. Similar to infection with L.
donovani, intracellular amastigotes multiply rapidly and an efficient granulomatous tissue response
occurs in the liver of infected BALB/c mice, resulting in the reduction of the parasite load. In the
spleen however, chronic infection develops with parasite survival, and destruction of the splenic
architecture occurs (14–16).

Infection of hamsters with L. donovani has been recently described, reproducing most of the clini-
copathological features of human visceral leishmaniasis. Their pathogenic mechanisms are currently
deciphered (17).

3. IMPORTANCE OF T-HELPER SUBSETS AND RELATED CYTOKINES
IN THE MURINE MODEL OF CUTANEOUS LEISHMANIASIS

3.1. Definition of T-Helper Subsets and Their Effector Mechanisms of Action In Vivo
Two functionally distinct subsets of CD4+ T-helper cells have been described first in the mouse

(18) and then in humans (19) on the basis of their secretion of distinct cytokines with specific
immunomodulatory effects (reviewed in refs. 20 and 21). Some of these cytokines act either in sec-
ondary lymphoid organs or in peripheral tissues, where they are recruited at the site of an inflamma-
tory process. Once reactivated within the inflammatory tissues and according to their secretion of
cytokines, CD4+ T-helper lymphocytes will exert regulatory and/or effector functions, including (1)
clearance of the micro-organism inoculated, (2) control of its proliferation (reduction or increase),
and (3) remodeling/repair of the tissue containing the micro-organism. The outcome of infection will
depend on these tightly controlled processes.

CD4+ Th1 lymphocytes secrete cytokines such as interferon (IFN)-γ (signature cytokine), interleukin
(IL)-2, IL-3, tumor necrosis factor (TNF)β, granulocyte–macrophage colony stimulating factor (GM-
CSF), and TNF-α. Within peripheral nonlymphoid tissues loaded with intracellular micro-organisms,
Th1 cells have been associated with cell-mediated immunity, more specifically in the complete or
partial clearance of these intracellular micro-organisms. CD4+ Th1 cells contribute, through the IFN-γ
they secrete and in synergy with TNF-α to the clearance of the invading micro-organisms or at least in
the reduction of their number. Within the secondary lymphoid organs, B-lymphocytes received the
early signals switching on their entry into the cell cycle and their differentiation program; signals
provided by CD4+ T-helper lymphocytes will trigger these activated B-lymphocytes to become memory
B cells or plasmocytes. In the mouse, IFN-γ induces mainly the IgG2a and IgG3 isotypes (22), whereas
in humans, it induces more IgG1 and IgG3 (23).

CD4+ Th2 lymphocytes produce mainly IL-4, IL-5 (signature cytokines ), IL-13, IL-3, IL-6,
transforming growth factor (TGF)-β and IL-10. Th2 cells promote the proliferation and differentiation
of antigen-binding B-cells. IL-4 is the major inducer of B-cell switching signal for IgE production as
well as for the production of noncomplement-fixing IgG such as IgG1 in mice and IgG4 in humans
(22). In addition, in nonperipheral tissues, Th2 lymphocytes, after their reactivation may (1), through
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their secretion of IL-4, prevent macrophage activation, favoring growth of intracellular micro-organ-
isms and (2), through their production of IL-5, allow the survival of eosinophils that may favor the
destruction of cell lineages other than the surrounding leukocytes.

Interestingly, the two Th1/Th2 subsets produce cytokines that can cross-regulate each other’s
development and effector functions, so that once the development toward a restricted cytokine pro-
file (Th1 or Th2) is set up, it has a tendency to stay polarized in that direction (reviewed in ref. 20).
The essential role of these two T-cell subsets in the outcome of pathological processes has fostered
great interest in the understanding of the mechanisms driving the development toward Th1 or Th2
type of cell in various disease processes.

A common CD4+ T-cell precursor can differentiate into either Th1 or Th2 cells. Th1 cells were
shown (1) to mediate delayed-type hypersensitivity, (2) to promote the elimination of intracellular
parasites, and (3) to be important in mediating pathogenic autoreactivity and allograft rejection. Th2
cells have been associated with protective responses following parasitic infections with helminths as
well as in the pathology of allergic responses (20,21,24,25).

In addition to cytokines, different factors have also been reported to influence differentiation into
Th1 or Th2 phenotypes such as the dose of antigen used (reviewed in ref. 26). The role of antigen-
presenting cells (APCs) in shaping the T-helper cells differentiation pathway is also of importance as
they provide, at the initiation of CD4+ T-cell responses, early activation signals mediated by cytokines
involved in differentiation and costimulatory molecules. In vitro and in vivo studies have shown that
CD28 was important for Th2 differentiation in the presence of IL-2 (27), whereas in the absence of
IL-2, interactions between CD28/CTLA4 seemed to be essential for the priming of both subsets of T-
helper cells. The CD40 molecule on the surface of T-cells and its T-cell ligand (CD40L) on the
surface of APCs, also play a role in Th differentiation by fostering macrophages and dendritic cells to
produce the IL-12 required for early production of IFN-γ by T-cells.

3.2. Importance of the Murine Model of L. major Infection in Deciphering
the Events Leading to CD4+ Th Polarization In Vivo

Studies with the protozoan parasite L. major were instrumental in establishing the functional rel-
evance of the two CD4+ Th cell subsets, showing that “resistance” and “susceptibility” to infection
correlated with the development of Th1 and Th2 responses, respectively. The development of Th1
responses in mice of most inbred strains (such as C57BL/6 and C3H) is associated with healing,
whereas the development of Th2 responses in susceptible strains such as BALB/c is associated with
nonhealing lesions and its inability to control parasite growth (reviewed in ref. 4).

3.2.1. Effector Functions of Cytokines Produced by Th1 and Th2 Cells in the L. major Model
Interferon-γ, the major effector cytokine produced by Th1 cells plays a key function in activating

macrophages, enhancing their leishmanicidal and leihmaniastatic properties. Indeed, IFN-γ was
shown to be critical for the cure of leishmaniasis in mice. Other cytokines produced by Th1 cells are
involved in the recruitment (IL-3, GM-CSF), diapedesis, and activation (TNF-α, TNF-β) of inflam-
matory leukocytes and macrophages.

Several cytokines secreted by Th2 cells have anti-inflammatory properties. Thus, IL-4 and IL-13
antagonize the macrophage-activating effect of IFN-γ, IL-10 downregulates many macrophage
responses, and TGF-β has antiproliferative effects and blocks the IFN-γ-induced macrophage activa-
tion (28). Furthermore, treatment with mAb against TGF-β in CB6F1 mice that normally display
intermediate susceptibility to L. major promoted rapid healing by enhancing in vivo nitric oxide
production (29). Thus, Th2 cells play both effector and regulatory roles in immune responses.

In an other mouse model of infection, using subcutaneous injection of L. amazonensis, local injec-
tion of rTGF-β in resistant mice at the site of parasite inoculation resulted in nonhealing of the lesions.
Susceptible BALB/c mice treated with a neutralizing anti-TGF-β antibody during the course of infec-
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tion with L. amazonensis decreased markedly the lesion size within 5 wk after infection. IFN-γ mRNA
was observed in the draining lymph node of these mice, whereas no IFN-γ, but IL-4, was detected in
the draining lymph nodes of infected mice treated with a control antibody (30). Thus, TGF-β produc-
tion may prevent Leishmania destruction by host macrophages.

4. NON-T-LEUKOCYTES AS A SOURCE OF TH1/TH2
DIFFERENTIATION SIGNALS

The major population acting as host for Leishmania parasites are nonactivated/deactivated mono-
nuclear phagocytes that either reside in the extravascular compartment of cutaneous tissues or that
differentiate from monocytes that extravasated from the vascular bed as a result of inflammatory
processes. Generally, in tissues in which inflammatory processes are taking place, rapidly released
mediators by perivascular mast cells act on endothelial cells of postcapillary venules. As a result,
their adhesive properties are modified, allowing recruitment of blood leukocytes, a process also under
the control of chemokines. Effector memory T-lymphocytes recirculate in peripheral tissues. If they
are not reactivated, their effector functions within the tissues will depend on the factors triggered by
the presence of the micro-organism, and the network of cytokines/chemokines secreted by these non-
T-cells as well as by tissue cells of nonhematopoietic lineages.

Dendritic leukocytes (DLs) reside in most peripheral tissues of the body. They can capture micro-
organisms, bind and phagocyte apoptotic cells, and reach the draining lymph node through the affer-
ent lymphatic vessels. It is not clear yet at which time following the subcutaneous inoculation of
stationary-phase L. major promastigotes that these processes occur. Depending on the presence on
their membrane of costimulatory molecules, DLs are thought to act as a source of T-helper differen-
tiation signals. Neutrophils and mastocytes may also have a potential role as a source of differentia-
tion signals. In all cases, the potential role of these non-T-leukocytes will depend on many parameters,
including the status of the parasite within these cells (alive of dead), their migrating properties, and
their final localization within the draining lymph node.

5. FACTORS INVOLVED IN T-HELPER DIFFERENTIATION
IN THE MOUSE MODEL OF CUTANEOUS INFECTION WITH L. MAJOR

5.1. The Role of Costimulatory Molecules in T-Helper Differentiation
The importance of CD28/B7 interactions in Th development has also been reported in the murine

model of infection with L. major, showing that the B7 molecules are important in Th2 responses (31),
whereas mice genetically deficient in the CD28 gene have failed to show a role for this molecule, in
either Th1 or Th2 development (32).

The role of the CD40/CD40L interaction in the development of Th1 cells in the murine model of
infection with L. major has been demonstrated by several approaches: Mice with a resistant genetic
background, made deficient in CD40 or CD40L, infected with L. major, developed progressive
lesions, failed to mount a Th1 response (33), and produced high levels of the Th2 cytokine IL-4 (34).

CD40-activated dendritic cells (DCs) express the ligand for the CD4 activation antigen, OX40
(CD134) (35,36). In vitro activation of OX40 and CD28 was reported to promote IL-4 expression
[OX40 expression is CD28-dependent (37,38)], suggesting a role for OX40/OX40L interactions in
Th2 differentiation. Evidences for such a role were provided by experiments where administration of
blocking antibodies against OX40 ligand (OX40L) in BALB/c mice abrogated progression of disease
and reduced the production of Th2 cytokines (39).

5.2. The Role of Cytokines in Th1 Differentiation Following Infection with L. major
Cytokines, among several other T-cell-polarizing signals, are considered to be crucial in influenc-

ing the pathway of differentiation of CD4+ T-lymphocytes precursors.
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5.2.1. Role of IL-12 in the Differentiation of CD4+ T-Cells Toward the Th1 Phenotype
The cytokine IL-12 is a heterodimer composed of a 35-kDA subunit that associates covalently

with a 42-kDA subunit to form the biologically active IL-12 p70 heterodimer. The p35 and p40 genes
are located on separated genes that are regulated independently. IL-12 is produced by many cells,
including macrophages, dendritic cells, polymorphonuclear cells, and B-cells (reviewed in ref. 40).

Interleukin-12 has multiple biological functions, including the induction of IFN-γ by T-cells and
natural killer (NK) cells (41,42) and thereby NK cells were thought to play a critical role in the
development of protective Th1 cellular responses. The role of IL-12 in Th differentiation has been
extensively studied in vitro, mainly using naïve T-cells obtained from T cell receptor αβ transgenic
mice (TCRαβ). In these studies, it was demonstrated that the addition of IL-12 p70 during CD4+ T-
cell differentiation was necessary and sufficient to induce differentiation of CD4+ Th1 cells (43–45).

In the murine model of infection with L. major, IL-12 was also shown to direct the development of
CD4+ Th1 cells within the draining lymph node of mice with a resistant genetic background. Thus,
resistant mice treated with anti-IL-12 mAb showed a transient Th2 response. Similarly, resistant
mice whose p35 or p40 IL-12 gene was disrupted developed a Th2 response (46–48).

Injection of rIL-12 to BALB/c mice during the first week of infection could induce the develop-
ment of Th1 responses and resistance to L. major in these otherwise highly susceptible mice (46,49).

Interleukin-12 signaling occurs through the IL-12 receptor (IL-12R) composed of two subunits,
the IL-12Rβ1 and IL-12 Rβ2 chains, which are expressed selectively on T-cells that have engaged
their TCR and on NK cells (50). Loss of IL-12Rβ2 chain may result in extinction of IL-12 signaling
during in vitro priming. In the model of infection with L. major, a correlation between the mainte-
nance of expression of the IL-12Rβ2 chain in CD4+ T-cells and the development of Th1 response was
observed. Furthermore, during Th2 differentiation, within the draining lymph node of BALB/c mice
infected with L. major, T cells lost expression of the IL-12Rβ2 chain and became unresponsive to IL-
12 both in vitro and in vivo (51–53).

Genetic differences have been reported to influence the regulation of the IL-12 receptor both in
vitro and in vivo. BALB/c TCR transgenic T-cells cultured under nonpolarizing conditions lost
expression of IL-12Rβ2 chain, whereas T-cells from the B10.D2 strain did not. However, in the
presence of IL-4, T-cells from both strains became unresponsive to IL-12 (54).

In the murine model of infection with L. major, resistant C3H mice treated with a mAb against IL-
12 could mount a Th1 response after the development of a transient Th2 response. This was explained
by the maintenance of a population of CD4+ T-cells in these mice that expressed both the IL-12Rβ1
and the IL-12Rβ2 chains during the initial Th2 response (55).

Interestingly, in the murine model of infection with L. amazonensis, C3H mice that are susceptible
to infection were reported to be unresponsive to IL-12 and its Th1-promoting effects. This was dem-
onstrated to result from a defective induction of the IL-12Rβ2 chain expression in CD4+ T-cells that
was observed only in mice infected with L. amazonensis but not in mice injected with L. major (56).

These results indicate that induction and maintenance of IL-12 responsiveness is critical for the
development of a functional Th1 response.

5.2.2. The Role of IL-18 in Th1 Differentiation
Interleukin-18 was originally described as IFN-γ-inducing factor constitutively secreted by T-

cells and NK cells (57). IL-18 was reported to synergize with IL-12 to induce Th1 development in
vivo, but it does not appear to be able to induce Th1 development on its own (58). To assess the role
of IL-18 in Th1 polarization and resistance to infection with L. major, mice lacking the IL-18 gene
were infected with L. major.

In a first study, IL-18–/– mice on a CD1 “resistant” genetic background were shown to be suscep-
tible to infection with decreased Th1 and increased Th2 cytokines within their draining lymph node
(59). However, in a similar study using IL-18–/– mice on a C57BL/6 genetic background, larger lesions
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were observed early after infection, but eventually the mice resolved their lesions and developed a
Th1 response, showing that, in this experimental context, IL-18 did not play a critical role in the
development of protective Th1 responses following infection with L. major (60).

Recent in vitro experiments demonstrated that CD4+ T-lymphocytes from different genetic back-
grounds could differentiate along a Th1 or Th2 profile when stimulated with IL-18 (61). These results
may explain the discrepancies observed in the two studies involving IL-18–/– mice on different genetic
backgrounds. Xu et al. also showed that although IL-18 by itself could not induce Th1 differentiation
of naïve CD4+ T-lymphocytes in vitro, it could, by itself induce Th2 differentiation of CD4+ T-
lymphocytes from BALB/c strains but not from C57BL/6 or CBA mice (61).

5.2.3. The Role of IFN-γ in the Differentiation of CD4+ T-Cells Toward the Th1 Phenotype
The role of IFN-γ in the differentiation of Th1 cells is not as clear as that of IL-12. Neutralization

of IFN-γ in vitro was reported to inhibit Th1 differentiation (44,62), whereas in another study, IFN-γ
appeared to play no role in the differentiation of Th1 cells (45). A role for IFN-γ in priming Th1 cell
differentiation was demonstrated using transgenic T-cells in vitro (63). When IL-4 was not produced,
the IL-12Rβ2 chain was maintained on activated CD4+ T-cells, allowing IL-12 to induce Th1 devel-
opment independently of IFN-γ. Thus, it is likely that, in vivo, activated CD4+ T-cells may not require
IFN-γ signaling for the maintenance of IL-12Rβ2 chain expression and IL-12 signaling. IFN-γ may,
thus, be required for Th1 differentiation only when some IL-4 is produced.

In the model of infection with L. major, the presence of IFN-γ was reported to favor the maturation
of Th1 cell differentiation in mice of the resistant C3H/HeN strain. Neutralization of IFN-γ during
the first days of infection with L. major prevented the differentiation of Th1 cells and favored, instead,
Th2 cell differentiation (64,65). Furthermore, C57BL/6 mice made genetically deficient in IFN-γ
failed to develop Th1 responses and developed an aberrant Th2 response. Administration of exog-
enous rIL-12 at the onset of infection in these mice suppressed the IL-4 mRNA expression otherwise
observed in their draining lymph node 5 d after infection with L. major and allowed Th1 differentia-
tion (66). However, resistant mice on another genetic background (SV129) made deficient for the
IFN-γ receptor developed a normal Th1 response following infection with L. major (67), suggesting
genetic differences in the requirement for IFN-γ in Th1 maturation following infection with L. major.

5.3. Production of T-Helper 1-Polarizing Cytokines by Non-T-Leukocytes
After Infection with L. major

In the murine model of infection with L. major, non-T-leukocytes, namely neutrophils, NK cells,
and mononuclear phagocytes, are recruited very rapidly to the site of parasite inoculation, especially
when non-metacyclic promastigotes are dominant in the inoculum. Polymorphonuclear neutrophils
are recruited within 1 h of subcutaneous injection of Leishmania in mice of both susceptible and
resistant strains. However, their number drop dramatically to less than 10% of the cutaneous cellular
infiltrate 3 d later in resistant mice when macrophage infiltrate gradually predominates. In suscep-
tible BALB/c mice, the number of neutrophils at the site of parasite inoculation remains elevated (at
least 50% of the cellular infiltrate) (68–69). Polymorphonuclear neutrophils (PMNs) could contrib-
ute to the development of adaptive effector T-cells through production of cytokines involved in T-
helper polarization, such as IL-12 and TGF-β, both reported to be secreted by neutrophils (70,71).
The importance of neutrophils in influencing T-helper differentiation in the model of infection with
L. major was suggested by experiments showing that transient neutrophil depletion contributed to the
marked reduction of lesion development and decreased production of IL-4 in otherwise susceptible
mice. Interestingly, neutrophil depletion did not alter significantly the resolution of lesions in resis-
tant mice, in which macrophages activated to the microbicidal/microbistatic mode are considered as
the major effector cells, nor did it alter the development of Th1 polarization.
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Thus, whereas neutrophils may play minor contribution to the removal of L. major in mice from
resistant strains, they appear to contribute to the inability to heal lesions in susceptible mice by an as
yet unknown mechanism, contributing to Th2 differentiation (69).

An early protective role for NK cells, other leukocytes expected to be rapidly recruited to a site
loaded with micro-organisms has been suggested by experiments in which resistant C57BL/6 mice,
depleted of NK cells, showed rapid dissemination of parasites to sites distant from the site of parasite
delivery (footpads). The effect of NK cells resulted from their secretion of IFN-γ (2). Early produc-
tion of IFN-γ following infection with L. major was reported to originate predominantly from NK
cells (72–75). These observations suggested that the IFN-γ produced by NK cells could contribute to
Th1 cell differentiation. However, several studies showed that the IFN-γ produced early by NK cells
was neither required for Th1 differentiation nor for the inhibition of parasite replication. Using mice
with selective deficiency in IFN-γ gene in either the T-cell or the NK-cell compartment, it was shown
that mice with selective disruption of the IFN-γ-producing NK cells were fully able to develop Th1
response (76). This conclusion was confirmed using mice lacking NK cells, which were able to
develop an efficient Th1 response and to control the L. major infection (77). In an other study, deple-
tion of NK cells using mAb against NK1.1 and AsGM-1 mAb also failed to alter the T-helper balance
developing following infection with L. major (78). It remains that NK cells, together with other
factors such as IFN-α and IFN-β (79), may still have a functional role in the early inhibition of
parasite growth that is independent of the effector function of Th1 cells.

5.4. Role of IL-4 as a Th2 Polarizing Cytokine Promoting
a Stable Th2 Phenotype After Infection with L. major

Using naive CD4+ T-cells from mice transgenic for αβ TCR chains, IL-4 has been demonstrated
to be a key cytokine promoting Th2 cell differentiation in vitro (45,80). In the murine model of
infection with L. major, analysis of IL-4 mRNA expression revealed that the levels of IL-4 mRNA
were high a few days after infection and remained elevated over the infection in the draining lymph
nodes of mice of susceptible strains, whereas it was very low in mice of strains resistant to L. major
infections (81,82) Draining lymph node cells from infected mice obtained a few days after infections
produced high levels of IL-4 when restimulated in vitro with the parasite, whereas cell-resistant mice
did not produce any detectable IL-4 upon restimulation (83). A single injection of anti-IL-4 mAb
given early in infection in susceptible mice was sufficient to redirect Th1 cell maturation, allowing
these otherwise susceptible mice to resolve their lesions. Furthermore, these mice became immune to
reinfection with L. major (84,85). The expression of an IL-4 transgene in mice of healer phenotype
was sufficient to render them susceptible to infection (86).

More recently, the role of IL-4 in the development of polarized Th2 cells following infection of
BALB/c mice with L. major has been studied in mice with a deleted IL-4 gene. Results obtained by
different groups differed markedly. One study revealed that mice genetically deficient in IL-4 were
resistant to infections with L. major and developed impaired Th2 responses (87), confirming an
essential role for IL-4 in Th2 differentiation. In another study, mice deficient in IL-4 production
remained susceptible to infection with L. major and developed polarized Th1 responses, suggesting
that in the absence of IL-4, other molecules may drive Th2 cell maturation following infection with
L. major (88). To clarify this issue and to investigate whether another Th2 cytokine, IL-13, could, in
the absence of IL-4, play a compensatory role in Th2 cell differentiation, susceptible BALB/c mice
deficient for the IL-4 receptor-α chain (IL-4Rα) were used. IL-13 also uses the IL-4Rα chain for
signaling along with the IL-13Rα1 ligand specific chain (89–91); and therefore, mice deficient in the
IL-4Rα chain are deficient for both IL-4 and IL-13 signaling. These mice were resistant to infection
with the IR173 L. major strain but remained susceptible to the LV39 L. major strain (92). In another
study, BALB/c mice genetically deficient for the IL-4Rα chain contained the infection with the LV39
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L. major strain during the first 80 d of infection, developing a Th1 type of immune response, how-
ever, after 3 mo, these mice developed nonhealing lesions (93).

Although confusing, these results suggest that in the artificial absence of IL-4, IL-13, and/or other
IL-4-independent mechanisms may also be involved in driving Th2 differentiation and its associated
susceptibility to L. major in BALB/c mice.

5.5. Role of Early IL-4 in the Differentiation of CD4+ T-Cells
Toward the Th2 Phenotype During Infection with L. major

Interventions that modulate Th differentiation in susceptible BALB/c mice infected with L. major
are successful only when performed during a short period of time (i.e., during the first few days
preceding and/or following L. major inoculation). A burst of IL-4 mRNA expression rapidly induced
in the draining lymph node of BALB/c mice was reported during the first day following parasite
inoculation (94). Although returning to a basal level of transcription 48 h after L. major injection,
increased levels of IL-4 mRNA were again observed in the draining lymph nodes 5 d after infection,
reflecting the development of Th2 responses in these mice. The early peak of IL-4 mRNA expression
was only observed in mice of susceptible strains and, in our hands, was never observed in resistant
mice such as C57BL/6, C3H, and 129 mice. This early increase in IL-4 mRNA transcripts could be
downregulated by the exogenous addition of IL-12 and/or IFN-γ. Treatment of resistant C57BL/6
mice with mAb against IFN-γ or IL-12 at the initiation of infection allowed the expression of the peak
of IL-4 mRNA transcripts to a level similar to that observed in susceptible BALB/c mice (94).

CD4+ T-cells have been shown to be necessary for the expression of the early IL-4 mRNA burst
observed only in susceptible BALB/c mice during the first day following infection with L. major
(94). Further studies revealed that the IL-4 mRNA increase observed at that time was restricted to a
subpopulation of CD4+ T-cells expressing the Vβ4Vα8 TCR chains (95). The second wave of IL-
mRNA increase starting 5 d after infection with L. major was, however, not restricted to the single
population of T-cells expressing the Vβ4Vα8 TCR, but IL-4 transcription occurred in a broader
range of CD4+ T-cells with diverse TCR (96).

The CD4+ T-cells responsible for the early burst of IL-4 mRNA expression in response to L. major
with restricted TCRs are reactive to the Leishmania homolog of mammalian RACK-1 (LACK) (97).
Indeed, subcutaneous injection of the recombinant LACK protein of L. major in BALB/c mice also
induced an increase in IL-4 mRNA only within the CD4+ Vβ4Vα population of T-cells 16 h later
(95). Injection of the LACK recombinant protein in resistant mice did not induce any increase in IL-
4 mRNA expression at any time-point after injection (95).

These results suggest that the early IL-4 response observed during the first day following infection
with L. major is triggered by the interaction of a LACK-derived peptide presented by I-Ad to a restricted
CD4+ population expressing the Vβ4Vα8 TCR. The subsequent development of Th2 response occur-
ring a few days later is, however, not restricted to this single CD4+ T-cell subpopulation.

The importance of this early production of IL-4 by CD4+ Vβ4Vα8 T-cells in the development of
a Th2 phenotype and in the susceptibility to L. major was further demonstrated by results showing
that Vβ4 CD4+-deficient BALB/c mice developed a Th1 response and were resistant to infection.
Administration of IL-4 during the first 2 d after infection with L. major in Vβ4-deficient mice could
substitute for the absence of Vβ4Vα8 CD4+ T-cells and restored Th2 cell development, resulting in
progressive disease (98).

The importance of the LACK antigen in driving Th2 differentiation was also demonstrated under
different experimental conditions. BALB/c mice with the transgenic expression of LACK under the
control of the major histocompatibility complex (MHC) class II promoter are tolerant to LACK.
These mice were shown to have a diminished Th2 response and were resistant to infection with L.
major (99).
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5.6. Production of the Early IL-4 by Vα8Vβ4 CD4+ T-Cells Renders
CD4+ T-Cells Specific for L. major Antigens Unresponsive to IL-12

The susceptibility of BALB/c mice to infection with L. major can be reverted by continuous injec-
tion of rIL-12 during the first days after infection (46). Noteworthy, IL-12 given to BALB/c mice 1 d
before parasite inoculation could suppress the early IL-4 mRNA response to L. major by the Vβ4Vα8
CD4+ T-cell, resulting in Th1 differentiation (94). However, if IL-12 was injected later than 48 h
after infection with L. major (i.e., after the early IL-4 mRNA burst in response to L. major had
occurred), no effect was observed and Th2 differentiation occurred normally. The inability of IL-12,
given at that time, to drive Th1 cell development was the result of the downregulation of the IL-
12Rβ2 chain expression on primed CD4+ T-lymphocytes. Further experiments showed that the early
IL-4 produced by the LACK-specific Vβ4Vα8 CD4+ T-cells was responsible for the downregulation
of the IL-12Rβ2 expression on CD4+ T-cells from BALB/c mice, resulting in a state of IL-12 unre-
sponsiveness (52).

These data confirmed results obtained in vitro, showing that naive CD4+ T-cells from BALB/c
mice, which have a tendency to differentiate toward Th2 cells, are unresponsive to IL-12 because of
the downregulation of the IL-12 receptor chain (IL-12Rβ2) on these cells (50).

These results suggest that following infection with L. major in BALB/c mice, Th2 cell differentia-
tion and the associated susceptible phenotype are the result of an early burst of IL-4 production. This
early IL-4 is responsible for the downregulation of the IL-12Rβ2 chain expression, leading to IL-12
unresponsiveness in CD4+ T-cells.

5.7. Does TCR Affinity Dictate the Th1/Th2 Effector Choice?
The importance of Vβ4Vα8 TCR was discussed in the previous subsection. Recently, two studies

showed TCR-dependent signaling triggered by LACK-derived peptides. One study relied on LACK-
derived altered peptide ligands that differed from a single amino acid. CD4+ T-cells from TCR
transgenic mice expressing the Vβ4Vα8 receptor were used to characterize how altered peptide
ligands could activate the IL-4 secretion in transgenic LACK-specific T-cells and in vivo in BALB/
c mice. Altered LACK peptides antagonized the production of IL-4 by transgenic T-cells cocultured
with LACK in vitro. Pretreatment of BALB/c mice with altered LACK peptides conferred a healer
phenotype on these normally susceptible mice (100). These results suggested that the endogenous T-
cell repertoire recognizing the LACK antigen has limited diversity.

In a second study, susceptible (BALB/c) and resistant (B10.D2) mice bearing the same I-Ad MHC
class II gene were made transgenic for the β-chain of a LACK-specific TCR (101). The fate of LACK-
specific CD4+ T-lymphocytes was compared in these mice using LACK-peptide/I-Ad multimers upon
subcutaneous inoculation of stationary promastigotes. Upon incubation with syngenic APCs and
LACK peptide, transgenic T-cells from resistant mice were shown to produce more IFN-γ and less
IL-4 and IL-5 than those from susceptible BALB/c mice. Furthermore, I-Ad/LACK T-cells from
infected BALB/c mice were shown to express low-affinity TCR, whereas I-Ad LACK T lymphocytes
from B10.D2 resistant mice expressed a high-affinity TCR  (101).

Thus, upon infection with L. major stationary-phase promastigotes, the Th1-dominated protective
response that developed in B10.D2 mice was associated with the selective activation and transient
expansion of CD4+ T-lymphocytes, recognizing LACK with a high affinity. These results suggest
that there may exist differences in the TCR usage between mice of similar MHC haplotypes and that
these differences could influence the development of Leishmania-specific immune responses.

 More experiments exploring the interactions between TCR affinity and T-helper differentiation
are needed to establish whether a causal relationship between these two parameters exist.
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6. CONCLUSIONS AND PERSPECTIVES

The murine model of infection with L. major has contributed to unraveling the important role of
functionally distinct CD4+ Th1 and Th2 cells on the outcome of the long-term parasitism initiated by
these intracellular parasites, and on the resulting healing or nonhealing pathogenic processes they
drive through the complex crosstalk they establish with the immune system. Furthermore, this model
was crucial in understanding the mechanisms leading to selective differentiation of Th1 or Th2 CD4+

T-lymphocytes. Events occurring during the first 3 d following subcutaneous inoculation of millions
of stationary-phase promastigotes appeared essential in determining the outcome of the infection in
mice of susceptible and resistant phenotypes.

Nevertheless, it is important to consider that the issue of Th1/Th2 effector choice needs further
studies in humans before being translated in any immunopreventive or immunotherapeutic measures.
Indeed, the extent of human genetic polymorphism and the fact that Leishmania species known to
initiate human cutaneous lesions did coevolve more closely with wild-type rodents than with humans
(1) have to be taken into consideration.
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Cytokines in the Regulation of Innate and Adaptive

Immunity to Toxoplasma gondii

Ulrike Wille and Christopher A. Hunter

1. INTRODUCTION
The obligate intracellular protozoan parasite Toxoplasma gondii (T. gondii) was first identified in

1908 by Nicolle and Manceaux (1) in the rodent Ctenodactylus gundi and derived the genus name
from the crescent shape of the organism (Greek: toxon = arc) observed in this host. In 1939, Wolf et
al. (2) provided the first description of congenital disease caused by T. gondii and so identified this
parasite as a pathogen of humans. It is now recognized that T. gondii is present in industrialized and
developing countries and serology studies indicate that 10–70% of human populations, depending on
geographic region and ethnicity, are infected. In addition, this is a common infection in animals and
represents an important cause of abortion in farm animals. Thus, T. gondii represents one of the most
common parasitic pathogens of man and is of considerable economic importance.

In terms of public health, most adults infected with T. gondii are asymptomatic, but it has long
been recognized that when primary infection occurs during pregnancy, there is a risk of vertical
transmission of T. gondii to the fetus and the development of congenital toxoplasmosis (3). T. gondii
is also an important opportunistic parasite in patients with primary and acquired immune deficien-
cies. This was first recognized in patients with cancers associated with decreased immune function
(4,5), and with the increasing use of immune suppressive therapies to treat cancer and aid transplan-
tation, clinical toxoplasmosis became more common (6–8). During the early 1980s, T. gondii was
recognized as an important opportunistic infection in patients with AIDS (acquired immunodefi-
ciency syndrome) (7), and as a consequence, increased amounts of research have been performed to
understand the mechanisms by which the immune system normally protects against the parasite and
how defects in the immune system can lead to clinical toxoplasmosis. These studies have highlighted
the important role of cell-mediated immunity in long-term resistance to T. gondii and this chapter
summarizes the role of cytokines in the regulation of innate and adaptive immunity to this parasite.

2. BIOLOGY OF T. GONDII

The life cycle of T. gondii is complex with several distinct developmental stages and multiple
hosts (see Fig. 1). Cats (wild and domestic) are the definitive host of T. gondii, whereas all warm-
blooded vertebrates can serve as intermediate hosts. The natural life cycle has two infectious cyst-
forming stages: oocysts, which contain sporozoites, and tissue cysts, which contain bradyzoites.
Ingestion of oocysts or tissue cysts by intermediate hosts results in the activation of the parasites that
invade the gut epithelium and differentiate into the tachyzoite form. Tachyzoites have a low tissue
specificity and are capable of infecting almost every type of cell in the host. They actively invade
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Fig. 1. Infectious stages of T. gondii in the intermediate host. A human fibroblast originally infected with a
single tachyzoite of T. gondii contains, after 4 rounds of parasite replication, 16 tachyzoites (A). Tachyzoites
actively invade host cells and undergo five to eight rounds of asexual division withing a parsitophorous vacu-
ole. Eventually, this leads to cytolysis of the cell and the released parasites invade new cells. In all hosts, a small
percentage of tachyzoites differenciate into bradyzoites, which form tissue cysts (B). Cysts contain multiple
bradyzoites and are found in various tissues, but most commonly in sites such as the brain, retina, cardiac, and
skeletal muscle. Cysts are present for the lifetime of the host and represent a source of persistent infection, but
this developmental stage is also infective to new hosts if ingested. (Courtesy of Dr. O. Harb, Dr. F. Dzierszinski,
and Dr. D. Roos.)
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host cells and undergo five to eight rounds of asexual division within a parasitophorous vacuole.
Eventually, this leads to cytolysis of the cell and the released parasites invade new cells. In cats that
are infected for the first time, these events are accompanied by the development of sexual forms of T.
gondii that fuse to form nonsporulated oocysts. Oocysts are shed in the feces for approximately 2 wk
but need to undergo the process of sporogony before they become infectious. This is the only devel-
opmental stage of T. gondii that survives outside the host and represents a source of environmental
contamination.

In all hosts, a small percentage of tachyzoites differentiate into bradyzoites, which form tissue
cysts found in multiple tissues, but most commonly in sites such as the brain, retina, cardiac, and
skeletal muscle. Cysts are present for the lifetime of the host and represent a source of persistent
infection, but this developmental stage is also infective to new hosts if ingested. The events that
trigger the transition from tachyzoite to bradyzoite are not completely understood, but in vitro studies
have shown that bradyzoite formation occurs in response to stress (9–11). In vivo, the switch from
tachyzoite to bradyzoite is likely immune mediated and the production of nitric oxide, which inhibits
replication of tachyzoites, has been shown to stimulate bradyzoite formation (12). The rupture of
cysts occurs periodically and the released bradyzoites can infect new host cells and transform back
into tachyzoites. The factors that lead to this reactivation are unclear, but the release of parasites from
cysts is likely a continuous process that provides a constant stimulus to the immune system. As a conse-
quence, IgG antibody titers for T. gondii remain high for the lifetime of the host and serology is a useful
tool for the identification of chronically infected individuals. In addition to oocysts and tissue cysts, the
tachyzoite stage can also be infectious. Although this stage is normally killed in the stomach, it can
cause infection when introduced by other routes and is the infectious stage for the fetus.

3. CLINICAL TOXOPLASMOSIS

3.1. Congenital Toxoplasmosis
Congenital toxoplasmosis continues to be one of the most serious complications associated with

this infection. Normally, immunocompetent women infected with T. gondii develop protective
immunity, and although they remain chronically infected, transmission of the parasite from mother to
fetus during a subsequent pregnancy is rare. However, if infection occurs for the first time during
pregnancy, vertical transmission of T. gondii to the fetus can occur and result in congenital disease.
The severity of congenital toxoplasmosis depends on the developmental stage of the fetus at the time
of infection. If infection occurs during the first trimester of pregnancy, when the fetus is poorly
developed, it can result in severe congenital defects (hydrocephalus, mental and psychomotor retar-
dation, blindness, retinochoroiditis, epilepsy). Should the parasite be transmitted during the third
trimester of pregnancy, when development of the fetus is almost complete, complications caused by
the parasite are less severe. Although transmission of T. gondii from mother to fetus is rare in chroni-
cally infected women, the immune status of the mother plays an important role. Thus, in human
immunodeficiency virus (HIV)-positive women, the loss of immune functions can lead to reactiva-
tion of the parasite and there is an increased likelihood of congenital transmission. Moreover, the risk
as well as the consequences of infection increase if the fetus itself is HIV-positive (13).

3.2. Toxoplasmosis in Immunocompromised Patients
After primary infection with T. gondii, immunity to the parasite is maintained for the lifetime of

the host as long as the immune system remains intact. However, in patients with acquired defects in
T-cell function, reactivation of infection and clinical disease can occur. Historically, this was first
recognized in patients with neoplastic diseases, such as leukemia and Hodgkin’s and non-Hodgkin’s
lymphoma (5,14–19). These cancers are associated with suppression of the immune system and che-
motherapy can also result in reduced immune function. During the 1970s, transplantation became an
established therapy and its success was dependent on the use of immunosuppressive drugs to sup-
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press T-cell function and so prevent rejection of the donor organ. As a result, the use of these treat-
ment regimes in patients infected with T. gondii led to the emergence of a new population of patients
at risk of developing toxoplasmosis (4). A decade later, with the advent of the AIDS pandemic, a
third group of patients susceptible to toxoplasmosis emerged. Infection with HIV leads to a decrease
in CD4+ and CD8+ T-cell numbers, and in individuals chronically infected with T. gondii, there is a
loss of parasite-specific T-cells associated with reactivation of the latent infection (20,21). Although
the loss of T-cells is the primary defect in patients with AIDS that predisposes these individuals to
reactivation of infection, there appear to be other factors that contribute to the development of dis-
ease. For example, infection of macrophages with HIV inhibits the ability of these cells to control
parasite replication (22), and monocytes from patients with AIDS have a defect in their ability to
control parasite replication (23,24). Thus, there are defects in T-cell and macrophage functions in
patients with AIDS that may contribute to the reactivation of infection. In addition, the production of
proinflammatory cytokines associated with resistance to T. gondii has been shown to enhance HIV
replication (25–29) and studies using an HIV transgenic mouse showed that infection with T. gondii
enhanced proviral gene expression (30). These studies suggest that in AIDS patients who develop
Toxoplasmic encephalitis (TE), there is a vicious cycle in which the immune response to T. gondii leads
to enhanced viral replication and a decrease in numbers of T-cells which further predisposes to TE.

In contrast to the above-described patients who have acquired immune deficiencies, toxoplasmo-
sis has recently been recognized as an opportunistic infection in patients with X-linked hyper-IgM
syndrome (31,32). This primary immune deficiency is a consequence of deficient signaling through
the CD40L molecule and is characterized by low or absent serum IgG and IgA and normal or increased
IgM. Although these patients were initially identified because of their gross defects in humoral
immunity, it is now recognized that they also have defects in cell-mediated immunity, which corre-
lates with their susceptibility to intracellular infections (31,33,34). Interestingly, patients with AIDS
also have defects in their ability to express CD40L (35,36), suggesting that in addition to the overall
loss of T-cells, this specific defect in T-cell function may also contribute to the increased susceptibil-
ity to T. gondii.

3.3. Diagnosis and Treatment of Toxoplasmosis
In chronically infected asymptomatic individuals, circulating antibodies against the parasite can

be detected in serum and body fluids for the lifetime of the host, which makes serology a useful tool
for the identification of infected individuals. In most of the immunocompromised patients who de-
velop toxoplasmosis, serodiagnosis suggests that disease is normally the result of the reactivation of
a pre-existing infection and not primary infection. However, given the high seroprevalence rates for
this infection, seropositivity does not necessarily distinguish between asymptomatic individuals and
those with active clinical disease. Whereas the use of enzyme-linked immunosorbent assay (ELISA)
to detect parasite specific IgM and IgG provides the ability to distinguish the acute phase of infection
from the chronic stage, diagnosis of active disease is frequently dependent on the detection of para-
sites in tissues removed by biopsy or at necropsy.

Clinical toxoplasmosis is treated most commonly with drugs that target the folate metabolism of
the parasite. Pyrimethamine is the principle drug for treatment of toxoplasmosis, and when used in
combination with sulfadiazine or clindamycin, it is highly effective in preventing tachyzoite replica-
tion (37). Similar regimes are used to treat acute infection during pregnancy and have been shown to
reduce the incidence of congenital disease by approximately 50% (38). However, there are several
problems associated with the use of current treatment regimes. Although these drugs can inhibit the
replication of the tachyzoite, they do not target the bradyzoite stage and so fail to eradicate the infec-
tion. Thus, treatment may have to be continued for the lifetime of an immunocompromised patient. In
addition, the long-term use of these drugs is problematic, as they can cause severe side effects and
many immunocompromised patients tolerate these treatments poorly. Therefore, the development of
more efficient therapies to treat toxoplasmosis is necessary, and recent research has focused on the
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identification of new drug targets as well as the use of immunotherapy to manage this opportunistic
infection.

4. CELL-MEDIATED IMMUNITY TO T. GONDII

In the last two decades, there has been a tremendous growth in our understanding of how immu-
nity to T. gondii is initiated and maintained. The recognition that T. gondii is an opportunistic patho-
gen in patients with primary or acquired immune deficiencies that result in suppression or loss of
T-cell functions highlights the role of T-cells in the control of this infection. Based on studies with
human cells and murine models, it is clear that infection with T. gondii induces a strong cell-mediated
immune response. The parasite stimulates innate and adaptive resistance to infection and both non-
specific and antigen-specific mechanisms are involved in the defense. The response induced in the
host after primary infection is distinct from the immune response that is necessary to maintain immu-
nity. During the acute infection, the host has to initiate an immune response to control parasite repli-
cation, whereas during the chronic phase of toxoplasmosis, the host has to maintain immunity to
prevent reactivation of disease. Although there are various host factors that appear to be more impor-
tant in one phase than in the other, the production of interferon (IFN)-γ is essential for resistance
throughout the course of infection. Early studies to define the role of cytokines in immunity to T.
gondii demonstrated that IFN-γ could activate macrophages to control parasite replication and that
treatment with IFN-γ enhanced resistance to this parasite (39,40). However, it was the critical studies
of Suzuki and Remington that showed that neutralization of endogenous IFN-γ resulted in unre-
stricted parasite replication and identified IFN-γ as the major mediator of resistance to T. gondii (41).
Subsequent research has focused on defining the events that lead to the production of this cytokine
and how IFN-γ mediates its protective effects.

4.1. Innate Immunity to T. gondii
The early immune response to T. gondii is characterized by an innate mechanism of resistance

and the development of a strong adaptive response, characterized by the selection and expansion of
parasite specific T-cells that make IFN-γ (Th1-type response). These innate and adaptive events do
not occur in isolation, and it is the innate production of interleukin (IL)-12, which is critical for
both mechanisms of resistance (42–44). In murine models, infection with T. gondii leads to the
rapid production of IL-12 with elevated levels detected within hours (45–47). This, in turn, stimu-
lates natural killer (NK) cells to produce IFN-γ, which initiates the control of parasite replication
prior to the development of adaptive T-cell responses (48) (see Fig. 2). The importance of the
innate immune response in defense against T. gondii is demonstrated by studies with SCID (severe
combined immune deficiency) mice that lack functional B- and T-cells. In these mice, there is no
adaptive response and infection with T. gondii leads to production of IL-12, which stimulates NK-
cell production of IFN-γ. Although these mice survive infection for approximately 20 d, in the
absence of IL-12 or IFN-γ, SCID mice are unable to control parasite replication and succumb to
infection within 10 d (48,49). Conversely, treatment of SCID mice with IL-12 results in enhanced
resistance to T. gondii and this effect can be abolished by neutralization of IFN-γ or depletion of
NK cells. Together, these results demonstrate that the protective effects of exogenous IL-12 act
through the induction of IFN-γ by NK cells (48).

Although IL-12 is central to NK-cell production of IFN-γ, alone it is a poor inducer of this response
and other stimuli such as tumor necrosis factor (TNF)-α, IL-1β, IL-18, or costimulation through
CD28 are required for optimal IL-12-induced production of IFN-γ (48–53). Infection with T. gondii
results in increased production of these cytokines, upregulation of B7 expression by macrophages,
and increased expression of CD28 by activated NK cells (53–58). The significance of these events
has been shown by the increased susceptibility of SCID mice treated with antagonists of TNF-α or
the CD28/B7 interaction and by experiments that demonstrated that the protective effects of exog-
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enous IL-12 are dependent on endogenous IL-1 (49,52,59). Moreover, although endogenous IL-18
does not appear to be necessary for innate resistance to T. gondii, administration of IL-18 to SCID
mice augments NK-cell-mediated immunity to the parasite associated with enhanced production of
IFN-γ and significantly reduced parasite burden (53). In addition to their ability to produce IFN-γ,
NK cells from infected mice have been reported to be cytotoxic for extracellular tachyzoites (60) and
IL-2-activated human NK cells are cytotoxic for cells infected with T. gondii (61).

Although there are several factors that lead to NK-cell production of IFN-γ, there are also cytokines
that antagonize this response. Transforming growth factor (TGF)-β has been shown to directly in-
hibit the ability of NK cells to produce IFN-γ (59,62) and TGF-β is produced in vitro and in vivo in
response to T. gondii (55,59,63). The in vivo significance of these findings was shown by studies in
which treatment of SCID mice with neutralizing anti-TGF-β increased the survival time of mice after
infection, whereas administration of TGF-β to infected SCID mice resulted in increased susceptibil-
ity of these mice (59). In contrast to the direct effect of TGF-β on NK cells, the ability of IL-10 to
antagonize NK-cell responses is the result of its inhibitory effects on accessory cell production of
proinflammatory cytokines, including IL-12 (64,65). The role of IL-10 in innate immunity to T. gondii
is illustrated by the enhanced production of IFN-γ by splenocytes from infected SCID mice when IL-
10 is neutralized in vitro and by the remarkable increase in resistance to T. gondii of IL-10-deficient
SCID mice compared with normal SCID mice (66).

Fig. 2. Innate immunity to T. gondii. Infection with T. gondii leads to the production of IL-12 by macroph-
ages, dendritic cells (DCs) and neutrophils that initiates production of IFN-γ by NK cells. This IFN-γ stimulates
macrophages and DCs to produce increased levels of IL-12 and, in combination with TNF-α, the production of
nitric oxide (NO) by macrophages. The IL-12-induced activation of NK cells is enhanced by other factors such
as IL-1β, TNF-α, IL-18 and costimulation through the CD28/B7 interaction. In contrast, IL-10 and TGF-β have
inhibitory functions on the innate response and suppress accessory cell functions and NK-cell activity.
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Although there is now a good understanding of the role of cytokines in the regulation of innate
immunity to T. gondii, the initial events that lead to the production of IL-12 and the cells involved in
this process are still uncertain. Macrophages (44), dendritic cells (DCs) (46), and neutrophils (45,67)
have all been described as early IL-12 sources, but the mechanisms that underly these responses are
unknown. Parasite extracts can directly stimulate the production of IL-12 by activated macrophages
(44), DCs (46), and neutrophils (45), suggesting that there are specific receptors that recognize para-
site antigens. In recent years, Toll-like receptors expressed by macrophages and DCs have been shown
to be important for the recognition of bacterial and fungal products and for initiating the production
of cytokines and upregulation of costimulatory molecules. The evolution of pattern recognition re-
ceptors to identify invading micro-organisms seems to be a key feature of innate immunity (see
recent reviews 68–70), and a similar mechanism may be used to recognize T. gondii and initiate the
production of IL-12. In support of this hypothesis are studies that demonstrated that glycosyl-
phosphatidylinositol anchors of Trypanosoma cruzi activate Toll-2, which is required for the produc-
tion of IL-12 (71). However, other mechanisms may alert the immune system to the presence of
invading parasites, and cytolysis of infected cells by T. gondii may provide a “danger” signal (72).
Alternatively, the production of chemokines by infected cells (73–75) may stimulate the immune
system and recent studies indicate that signaling through the chemokine receptor CCR5 stimulates
CD8α+ DCs to produce IL-12 essential for resistance to T. gondii (76). Defining the pathways and the
receptors that are involved in the innate production of IL-12 following infection with T. gondii repre-
sents a major question in this field that is a key to understanding how the host initiates innate and
adaptive responses to this infection.

4.2. Adaptive Immunity to T. gondii
Although NK cells provide an innate mechanism of resistance against T. gondii, it is limited and

T-cells are essential to provide long-term protection. This is best illustrated by the immuno-
compromised patients with defects in T-cell function who develop toxoplasmosis and by experimen-
tal studies that showed that long-term resistance of SCID mice to T. gondii is only possible if they are
reconstituted with both CD4+ and CD8+ T-cells (77,78). There is evidence that CD8+ T-cells are the
major source of IFN-γ- during chronic infection, but the ability of parasite specific CD4+ T-cells to
make IL-2 is required for the production of IFN-γ by CD8+ T-cells (79–84). Thus, several studies
have shown that optimal resistance to T. gondii is dependent on both CD4+ and CD8+ T-cells albeit
either population alone does provide a level of protection (79,82,85). More recently, studies using
gene knockout mice have extended these observations. For example, mice that lack the common γ-
chain (which is part of the receptors for IL-2, IL-4, IL-7, IL-9, and IL-15) lack NK cells and CD8+ T-
cells, but when infected with T. gondii, the ability of CD4+ T-cells to produce IFN-γ is sufficient to
control the early stage of infection (86). Similarly, β2-microglobulin knockout mice that have re-
duced levels of major histocompatibility complex (MHC) class I and lack functional CD8+ T-cells
survive acute infection with T. gondii associated with an increased expansion of a unique NK-like
population of cells that produce IFN-γ (87). Nevertheless, both the γ-chain and β2-microglobulin
knockout mice succumb to infection during the chronic stage of infection (86,88), indicating that
CD4+ T-cells are sufficient for resistance during the acute stage of toxoplasmosis, but both CD4+ and
CD8+ T-cells are required for the long-term control of this parasite (see Fig. 3).

The innate immune system has an important role in the development of protective T-cell responses,
and the early production of IL-12 is critical to direct the development of a strong adaptive immune
response dominated by the production of IFN-γ. The requirement of IL-12 for the generation of
parasite-specific T-cells to produce IFN-γ is best illustrated by studies that showed that in the ab-
sence of IL-12, mice fail to develop protective T-cell responses and die as a consequence of an
overwhelming parasitemia (42,43,48,89). However, there are reports of IL-12-independent pathways
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that provide a limited mechanism of resistance to T. gondii (90,91). In the absence of IL-12 or IL-12-
mediated signaling through STAT-4, mice are highly susceptible to infection with T. gondii. How-
ever, in the absence of IL-12, mice infected with low doses of a temperature sensitive strain of T.
gondii make enough IFN-γ to provide a limited mechanism of resistance (90,92). Similarly, STAT-4
knockout mice infected with T. gondii can produce low levels of IFN-γ, which can be augmented by
treating with the combination of IL-2 plus IL-18 (91). In both of these cases, the IL-12-independent
mechanisms of resistance do not provide long-term protection and mice eventually succumb to the
parasite. Similar findings have been observed in other experimental systems (93,94) and these stud-
ies raise questions about which cytokines are involved in stimulating the IL-12-independent path-
ways that lead to the production of IFN-γ during toxoplasmosis.

The innate production of IL-12 is essential for stimulating the early production of IFN-γ from NK
cells and directing the development of T-cell IFN-γ responses. However, the early production of IFN-
γ will also prime macrophages and DCs to produce increased levels of IL-12, which, in turn, ampli-
fies innate and adaptive responses. In addition, once T-cells are activated, they upregulate expression
of CD40L, which signals through CD40 expressed by macrophages and DCs to enhance IL-12 pro-
duction. The involvement of this mechanism in adaptive responses to T. gondii has been shown by
several in vitro and in vivo studies. Thus, CD40L knockout mice produce reduced levels of IL-12
during acute toxoplasmosis, but these levels of IL-12 are sufficient to drive production of normal
levels of IFN-γ (95). In studies using human cells in vitro, it has been shown that the CD40/CD40L
interaction is essential for the production of IL-12 and IFN-γ by peripheral blood mononuclear cells
(PBMCs) stimulated with live parasites (31). Moreover, peripheral blood mononuclear cells (PBMCs)
from hyper-IgM patients (which are defective in the CD40/CD40L interaction) make reduced levels

Fig. 3. Adaptive immunity to T. gondii. Following infection with T. gondii, early production of IL-12 by the
innate immune system together with antigen presentation leads to the development and expansion of parasite-
specific T-cells that produce IFN-γ. During the chronic phase of infection, the ability of CD4+ T-cells to make
IL-2 is required for the production of IFN-γ by CD8+ T-cells. Other factors that are important in T-cell activa-
tion are costimulatory signals provided by the CD28/B7 and CD40/CD40L interactions. The ability of IL-10 to
inhibit accessory cell functions required for optimal T-cell stimulation is important for preventing the develop-
ment of infection-induced immune pathology.
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of IL-12 and IFN-γ when stimulated with live parasites, but exogenous IL-12 restores their ability to
make IFN-γ (31,96). These findings suggest that the susceptibility of patients with deficiencies in
CD40L-mediated signaling to toxoplasmosis is caused by the lack of IL-12 and may also explain the
susceptibility of these patients to other intracellular opportunistic pathogens (33).

Other factors that are important in T-cell activation include the costimulatory molecule CD28,
which is expressed by T-cells, and its ligands B7-1 and B7-2, which are expressed on accessory cells.
The interaction of CD28 with B7 provides a second signal that regulates the ability of T-cells to
produce cytokines, proliferate, and protect against apoptosis. Infection with T. gondii leads to
increased expression of B7 by infected cells in vitro (97,98), and uninfected and infected cells iso-
lated from the local sites of infection in mice express increased levels of B7 (56,57,99). In vitro
studies using human and mouse cells have demonstrated that the B7/CD28 interaction is required for
optimal production of IFN-γ by parasite-specific T-cells (98,100). However, in vivo studies using
CD28 knockout mice have shown that these mice develop a T-cell response that is sufficient to
protect against infection with T. gondii, but CD28 is required for the generation or maintenance of
optimal numbers of parasite specific CD4+ T-cells. As a consequence, chronically infected or immu-
nized CD28 knockout mice are susceptible to a secondary challenge with a virulent strain of T. gondii,
demonstrating an important role for CD28 in the generation/maintenance of a memory response (100).

4.3. Immune Response to T. gondii in the Gut

Many of the above-described studies have used mice that were infected intraperitoneally. Although
this allows the analysis of the early events in a localized environment, the natural route of infection
with T. gondii is oral, and the gut is the initial site of entry for the parasite. This environment has
unique populations of T-cells and accessory cells that sample and present antigens from the gut, and
there may be fundamental differences in the immune response in the gut versus that in the perito-
neum. Nevertheless, the local events that occur in the gut following infection have not been exten-
sively studied, but recent studies have started to address the effects associated with resistance or
pathology induced after infection with T. gondii in the gut. It is known that within 24 h following oral
infection, parasites are found in the mesenteric lymph nodes and dissemination from the gut to other
organs via blood or lymphatics starts about 24 h later. By d 4 postinfection, parasites have dissemi-
nated through the body and are present in the liver and lungs. The local response induced by the
parasite involves both humoral and cellular mechanisms. IgA antibodies can be detected in intestinal
fluids 3–4 wk following infection and studies using Toxoplasma-specific secretory IgA antibodies
suggested that these antibodies may be important in preventing infection of enterocytes by T. gondii
(101). Infection also results in the expansion of intraepithelial CD8+ T-cells that are cytotoxic for
infected cells and produce IFN-γ when stimulated with parasite antigen in vitro (102). Furthermore,
adoptive transfer experiments revealed that the transfer of intraepithelial lymphocytes (IELs) from
orally infected mice into naive mice provides enhanced resistance against oral infection (103,104),
demonstrating the role for IELs as a primary barrier against infection with T. gondii.

Most of the studies described so far have focused on the role of CD4+ and CD8+ cells that express
αβ T-cell receptor chains, but there are also populations of γδ T-cells that are enriched at mucosal
sites, including the gut, and that are involved in resistance to T. gondii. Although normal αβ T-cells
express T-cell-receptor chains, which are highly variable, γδ T-cells express a more limited reper-
toire of T-cell-receptor chains and it has been proposed that these cells recognize a narrow range of
antigens presented in the context of CD1 (105–107). As a consequence, these cells may represent an
evolutionary bridge between the innate and adaptive responses. A role for γδ T-cells after infection
with T. gondii is indicated by studies in which mice deficient in αβ T-cells and challenged with the
parasite had a mechanism of resistance that was dependent on γδ T-cells (108). In humans, the stimu-
lation of PBMCs from naive individuals with T. gondii results in an expansion of γδ T-cells (109),
and during the acute stage of toxoplasmosis, there is a marked expansion of this T-cell subpopulation
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(110,111). Because γδ T-cells are enriched in the gut, their ability to lyse infected cells and produce
IFN-γ in response to T. gondii may provide an explanation for their role in resistance to T. gondii
(108,109,112). The events that lead to activation and expansion of γδ T-cells following infection
have not been well defined, but it has been shown that γδ T-cells can induce macrophages to express
heat-shock proteins (HSPs) through their ability to produce IFN-γ and this is associated with a pro-
tective role for these cells during toxoplasmosis (113).

4.4. IFN-γ-Mediated Effector Mechanisms to Control T. gondii
The ability of macrophages to produce cytokines, present antigens and provide costimulatory sig-

nals is important in resistance to T. gondii, but in addition to their regulatory functions, macrophages
are also important effector cells. When activated by IFN-γ plus TNF-α, macrophages are able to
inhibit parasite replication (114,115). Although parasite killing in mouse macrophages is nitric oxide
(NO)-mediated (116), the ability of human macrophages to control parasite replication is NO inde-
pendent (117). The mechanisms whereby NO inhibits parasite replication are uncertain, but NO is
able to react with various reactive groups in proteins, including thiols, heme groups, iron–sulfur
clusters, and phenolic and aromatic amino acid residues that would affect important metabolic path-
ways. In addition, NO can damage DNA and it is associated with membrane damage and inhibition of
cellular proliferation (for review, see ref. 118). However, NO is not only antimicrobial but also con-
tributes to the immune suppression observed during the acute phase of toxoplasmosis. Thus, the high
levels of NO produced during the acute phase of infection are partly responsible for the reduced
proliferative responses observed in these mice and may be a function of the ability of NO to promote
apoptosis through upregulation of p53, activation of caspases, chromatin condensation, and DNA
fragmentation (119–124).

Although NO is an important molecule for the ability of mouse macrophages to control parasite
replication in vitro, it appears that NO has a relatively minor role in resistance during the acute phase
of toxoplasmosis. Mice deficient in inducible nitric oxide synthase (iNOS) survive the acute phase,
but succumb to the parasite during the chronic phase of infection (89,125,126). Death of these mice is
accompanied by enhanced parasite replication in the brain associated with severe necrotizing
encephalitis (89). Taken together with previous studies that have shown that IFN-γ is critical during
the acute and chronic stages of infection, these findings indicate the presence of an IFN-γ-dependent
iNOS-independent mechanism of resistance that is sufficient to control parasite replication in the
periphery. Although this novel mechanism has not yet been identified, recent studies with mice defi-
cient in either IFN-γ-induced GTPase (IGTP) or LRG-47, both members of a family of IFN-γ-regu-
lated genes, have started to provide an insight into the IFN-γ-dependent mechanisms that control
parasite replication during the acute stage of infection. Thus, although IGTP and LRG-47 are not
required for the production of IL-12, IFN-γ, or NO during infection, in their absence, mice are unable
to control parasite replication (127,128). These studies indicate that the protective effects of IFN-γ
during the acute phase of disease are mediated through IGTP and LRG-47 and inhibition of parasite
replication appears to be NO-independent. Because both of these proteins localize predominantly to
the endoplasmic reticulum (ER), the authors hypothesize that IGTP and LRG-47 may regulate
vesicular transport within the macrophage, including the transport of IFN-γ-induced toxic mediators
to the parasitophorous vacuole.

As mentioned earlier, the ability of human macrophages to control parasite replication is NO
independent, but in vitro studies have shown that treatment of human macrophages with exogenous
leukotriene B4 (LTB4) induces intracellular killing of T. gondii, suggesting a toxoplasmacidal activ-
ity for leukotrienes (129). However, the parasite is able to suppress the release of leukotrienes, but
this effect is reversed when macrophages are incubated with IFN-γ, supporting the important role of
IFN-γ in mediating the toxoplasmacidal activity of macrophages. Although IFN-γ stimulates produc-
tion of NO and leukotrienes, it also induces tryptophan degradation in human macrophages and fibro-
blasts (130,131). Tryptophan degradation has been described as an inhibitory factor on parasite
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replication (130,131), but, so far, its effect has been shown in vitro only and the relevance of this
mechanism to the control of T. gondii in vivo remains unclear. Similarly, in vitro studies have shown
that iron starvation is important in the ability of enterocytes to control the replication of T. gondii
(132). Together, these studies demonstrate the presence of a variety of antimicrobial effector mecha-
nisms in human and murine systems that inhibit replication of T. gondii, and it is important to under-
stand how these mechanisms integrate to control this organism in the different sites that it can affect.

4.5. Pathogenesis of Toxoplasmic Encephalitis

The previous subsections dealt with some of the cytokines involved in the development of para-
site-specific T-cell responses necessary for resistance to T. gondii. However, because of the persis-
tent nature of this infection, immunity has to be maintained in order to control reactivation of the
parasite. This is complicated by the presence of parasites in immune-privileged sites, in particular the
brain and the eye. Systemic disease can also occur at other sites, such as the lungs, gut, and heart, and
is normally correlated with uncontrolled replication of T. gondii, which results in necrosis in the
affected tissue. However, in immunocompromised patients who are chronically infected with T.
gondii, reactivation of infection is frequently manifested by the development of TE. The presence of
the blood-brain barrier, the lack of a lymphatic system, low levels of MHC expression, and the ability
of glial cells to suppress T-cell responses all contribute to the immune-privileged status of the brain
(133–135). Whether this lack of immune reactivity contributes to the persistence of the cyst stage of
T. gondii at this site or ensures that the effects of reactivation will be more severe than at other sites
in the periphery is uncertain. Nevertheless, it is clear that T-cells play an important role in controlling
reactivation of disease, as demonstrated by the close correlation of the loss of T-cells during AIDS
and the development of TE in these patients. The fact that TE does not develop in chronically in-
fected immune-competent individuals implies that although T-cells have limited access to the brain,
they are able to control chronic infection with T. gondii. In experimental models, CD4+ and CD8+ T-
cells have been shown to infiltrate the brain after infection with this parasite (136,137) and many
studies have demonstrated that production of IFN-γ by CD4+ and CD8+ T-cells is required to main-
tain resistance to T. gondii in the brain (80,82). In addition to their ability to produce IFN-γ, the
ability of CD8+ T-cells to lyse parasite-infected cells (138,139) may contribute to the control of
parasite replication in the brain. The importance of this pathway in vivo has been shown by studies in
which infection of mice that lack perforin-dependent cytolytic activity leads to increased susceptibil-
ity of mice to the chronic stage of infection (140). However, it is thought that the main protective
effects of CD4+ and CD8+ T-cells in the brain are the result of their ability to produce IFN-γ. Thus, in
chronically infected mice, depletion of CD4+ and CD8+ T-cells results in reactivation of disease and
the development of severe TE (80,82). Moreover, depletion of endogenous IFN-γ during chronic infec-
tion results in reactivation of toxoplasmosis and early mortality of mice (80,141), whereas administra-
tion of IFN-γ reduces tachyzoites proliferation and decreases inflammation in murine brains (142). The
idea that lymphocytes are the only source of IFN-γ in the brain during TE has recently been challenged.
In studies using IFN-γ knockout mice treated with sulfadiazine to allow the mice to progress to the
chronic stage of infection, immune cells from wild-type mice were unable to provide protection (143).
Based on these data, it has been proposed that a non-T-cell source of IFN-γ, perhaps macrophage,
astrocyte, or dendritic cell, may be necessary for the ability of T-cells to protect against TE.

Although the presence of T-cells in the brain is important for resistance to T. gondii, it is important
to recognize that there is a balance between protective immunity in the brain and the development of
immunopathology. This is illustrated by the original observation of Israelski et al., who demonstrated
that depletion of CD4+ T-cells decreases the severity of TE (144). Similarly, chronically infected
CD28 knockout mice have decreased numbers of CD4+ T-cells in their brains compared with wild-
type mice and, as a consequence, have less severe inflammation and are more resistant to the patho-
logical consequences of TE than wild-type mice (99). Thus, CD4+ T-cells appear to have a dual role
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during chronic infection: While mediating resistance to T. gondii, they also contribute to immunopa-
thology in the brain.

The unique nature of the protective T-cell response in the brain is illustrated by comparing
the factors that regulate T-cell production of IFN-γ in the periphery versus the brain. Analysis
of the peripheral T-cell responses have shown that IL-12 is required to initiate the protective Th1-
type response. Furthermore, stimulation through CD28 is required for optimal CD4+ T-cell produc-
tion of IL-2, which is essential for the ability of CD8+ T-cells to make IFN-γ (100). In contrast, the
ability of T-cells isolated from the brains of mice with TE to produce IFN-γ is largely independent of
IL-2, IL-12, or CD28 signaling (99). These findings indicate that the protective T-cell responses in
the brain are not regulated in a conventional manner and raises the question about the cytokines and
costimulatory factors that regulate protective T-cell responses in the brain and whether they are unique
to this immune privileged site.

Initial studies on the role of IL-12 in resistance to T. gondii demonstrated that this cytokine was
only required during the first few days of infection (43,48). However, these conclusions have had to
be reassessed and there is now evidence that IL-12 is also required for the maintenance of protective
T-cell responses (42). In those studies, IL-12 p40 knockout mice treated with recombinant IL-12
during the first 2 wk postinfection develop Th1-type responses and survive the infection. However,
4–6 wk after cessation of IL-12 treatment, these mice develop severe TE associated with a decrease
in IFN-γ mRNA expression in the brain. Splenocytes from these mice stimulated with parasite anti-
gens have a marked reduction in their ability to produce IFN-γ, but when stimulated with STAg
(soluble Toxoplasma antigen) and IL-12, these cells are able to produce increased levels of IFN-γ
(42). There are several interpretations of these data and Yap and colleagues proposed that terminally
differentiated T-cells that are recruited from lymphoid organs into the brain are unable to produce
IFN-γ when generated in the absence of IL-12. If this is correct, it implies that parasite specific T-
cells need to be continually generated to maintain immunity to T. gondii. Alternatively, because IL-
12 has recently been shown to decrease activation-induced cell death (145), it is possible that it plays
a role in the maintenance of memory cells.

In addition to T-cells that infiltrate into the brain during TE, resident glial cells are also likely to be
important in controlling TE. For example, both astrocytes and the resident macrophages (microglia)
show signs of activation during TE in humans and murine models (146–150). Both cell types produce
proinflammatory cytokines when stimulated with T. gondii in vitro (151) and Schlüter and colleagues
(152) demonstrated that microglial expression of MHC class II molecules is increased during TE and
this upregulation is probably mediated by IFN-γ. Similarly, it has recently been recognized that during
TE, there are populations of myeloid DCs in the brain that produce IL-12 and that may contribute to
the regulation of the immune response in this immunoprivileged site (153). In addition to regulatory
roles, murine and human microglia are able to inhibit parasite replication when activated with IFN-γ
and TNF-α (154–156). Although parasite killing in murine microglia is NO mediated, human micro-
glia do not express iNOS and their ability to inhibit parasite replication is independent of NO (154,155).
In contrast, human astrocytes affect parasite replication through production of NO (157), whereas
murine astrocytes inhibit parasite replication independently of NO and tryptophan degradation (158).
Recent studies indicate that this is dependent on IGTP (159), consistent with data that IFN-γ stimu-
lates NO-independent mechanisms of resistance in nonhemopoietic cells in the brain (160).

As mentioned earlier, the use of iNOS knockout mice showed that the production of NO is not
required for acute resistance to T. gondii, but it is essential to control parasite replication in the brain
(89). This is likely a reflection of the role of resident microglia or infiltrating macrophages that can
produce NO and so inhibit tachyzoite replication. Studies using bone marrow chimeric mice showed
that long-term resistance to T. gondii requires expression of the IFN-γ and TNF-α receptors on both
hemopoietic and nonhemopoietic cells, whereas expression of iNOS is only critical in hemopoietic
cells, and production of NO by nonhemopoietic cells plays little if any role in resistance to T. gondii
(160). In order to fully activate macrophages to produce NO, IFN-γ requires TNF-α as a second
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signal (114,115,161,162); however, recent studies using TNF-receptor knockout mice revealed that
iNOS activation in macrophages can occur independently of TNF-α-receptor signaling (163). To
explain these findings, Yap and colleagues suggested that the parasite itself may provide signals that
activate iNOS (163), but other stimuli such as the CD40/CD40L interaction could be involved,
because this pathway synergizes with IFN-γ to stimulate macrophages to produce NO and may con-
tribute to the control of parasite replication in the brain (95).

Although the protective immune response to T. gondii is dominated by a Th1-type response, sev-
eral studies have suggested a regulatory role for IL-4, IL-6, and IL-10, cytokines associated with Th2
type responses, in optimal resistance to T. gondii. Early studies demonstrated that levels of IL-4
mRNA are upregulated in the brains of mice following infection (147) and the presence of gene
transcripts in mice with progressive TE suggests a role for IL-4 during chronic infection. Indeed, IL-
4-deficient mice survive the acute phase of infection, but succumb during chronic toxoplasmosis
(164). In the absence of IL-4, production of IFN-γ is impaired, which subsequently leads to greater
numbers of tachyzoites in the brain of these mice (164). These data suggest that IL-4 is involved in
preventing the development of TE. In contrast to these reports are studies that suggest a role for IL-4
during acute infection (165). Splenocytes from IL-4-deficient mice show enhanced production of
IFN-γ when stimulated ex vivo 7 d postinfection (165). However, the group also reports enhanced
mortality in these mice, although cysts numbers and pathology in the brain are decreased (165).

Another cytokine associated with resistance to TE is IL-6. In vitro, IL-6 has been shown to enhance
parasite proliferation in macrophages and it antagonizes the IFN-γ-mediated toxoplasmacidal activ-
ity in these cells (166). However, in vivo studies support a role for IL-6 in preventing the develop-
ment of TE. IL-6 mRNA is expressed in brains of mice infected with T. gondii (55,167,168), and IL-6
can be detected in the cerebrospinal fluid following infection (167). Administration of anti-IL-6 an-
tibodies during the chronic phase of infection has been shown to decrease cyst numbers and elevate
serum levels of IFN-γ (169). However, because treatment with anti-IL-6 paradoxically enhances IL-
6 serum levels, the effects seen after administration of anti-IL-6 might be the result of increased
levels of IL-6 rather than the lack of this cytokine. This would suggest a protective role for IL-6 in the
response to T. gondii and studies using IL-6-deficient mice support these findings. Thus, infection of
IL-6 knockout mice with T. gondii leads to decreased production of IFN-γ associated with increased
cyst numbers and severe inflammation in the brain (170,171). Furthermore, IL-6-deficient mice have
lower percentages of CD4+ T-cells and higher percentages of CD8+ T-cells compared to wild-type
mice (170), suggesting that IL-6 affects the composition of the T-cell subpopulations in the brain.
Together, these data support a role for this cytokine in controlling the development of TE, but these
data need to be interpreted with care, as the IL-6 knockout mice have a defect in their neutrophil
responses (172) and several studies have linked neutrophil function with resistance to T. gondii
(45,67,173).

Although IL-10 is an antagonist of the innate response during acute infection with T. gondii, it also
appears to contribute to development of TE during chronic toxoplasmosis. Thus, neutralization of IL-
10 in chronically infected mice results in a decreased parasite burden (174). These data are supported
by studies comparing the role of IL-10 during chronic toxoplasmosis in genetically susceptible and
resistant mice. C57BL/6 mice that are susceptible to the development of TE express increased levels
of IL-10 mRNA in their brains during the late stage of infection (168), whereas resistant BALB/c
mice fail to express this cytokine in the brain (175). These findings suggest that intracerebral expres-
sion of IL-10 by microglia, macrophages, and T-cells interferes with the immune response to T.
gondii. The ability of IL-10 to antagonize accessory cell functions required for T-cell production of
IFN-γ (176,177) and its inhibitory effect on macrophage production of NO required to control repli-
cation of T. gondii (178) suggest a mechanism whereby the local production of IL-10 promotes para-
site replication in the brain.

Although we understand the role of many of the cytokines involved in resistance to TE, there are
other factors associated with increased susceptibility to TE, including the genetic background of the



272 Wille and Hunter

host. In murine models, there is a genetic basis for susceptibility to TE and the MHC class I gene Ld
has been shown to confer resistance against TE, indicating the important role of class I-restricted
CD8+ T-cell responses (179). Of interest are studies that provided evidence that additional non-MHC-
linked genes also play a role in the pathogenesis of TE (180). Similarly, there appears to be a genetic
predisposition to the development of TE in patients with AIDS, associated with a gene or genes in the
human leukocyte antigen (HLA) complex (181).

4.6. Role of B-Cells During Infection with T. gondii
The development of cell-mediated immunity induced by T. gondii is accompanied by the produc-

tion of high levels of anti-Toxoplasma antibodies. Traditionally, the humoral immune response was
thought to play a subordinate role during toxoplasmosis because, as an intracellular parasite, T. gondii
is relatively inaccessible to antibodies, and initial studies showed that the transfer of serum from
infected animals failed to protect mice after challenge with a virulent strain of the parasite (182).
However, other studies have demonstrated that treatment of mice with anti-Toxoplasma antibodies
before infection leads to enhanced resistance (183,184). Studies by Taylor and Frenkel examined the
effects of B-cell depletion on infection with T. gondii, suggesting that antibodies have little effects
during acute infection but may become important during the chronic phase of infection (185). Re-
cently, these data were confirmed by Kang and colleagues, who showed that B-cells are required for
long-term resistance to T. gondii (186). Following infection, B-cell-deficient (µMT) mice survive the
acute phase but develop severe TE associated with increased numbers of cysts. However, µMT mice
that receive anti-Toxoplasma IgG antibodies after infection survive infection and have significantly
lower cyst numbers and fewer areas of inflammation associated with tachyzoites in the brain (186),
suggesting a direct role for antibodies in resistance to T. gondii.

There are several possible explanations for the role of antibodies in resistance to T. gondii. It has
long been recognized that when opsonized with specific Toxoplasma antibodies, tachyzoites are ac-
tively phagocytosed and killed by macrophages (187,188). Moreover, opsonization can induce
complement activation and lead to killing of T. gondii (189). Other studies have shown that serum
derived from wild-type mice that were vaccinated with T. gondii inhibited the ability of tachyzoites
to infect cultured fibroblasts, whereas serum derived from vaccinated µMT mice did not affect inva-
sion. This suggests a direct effect of anti-Toxoplasma antibodies in blocking the ability of tachyzoites
to infect host cells (190). An alternative explanation for the protective effects of antibodies is pro-
vided by the studies of Shimada and colleagues (191), which showed that anti-Toxoplasma antibod-
ies induce the switch from tachyzoites to bradyzoites in vitro.

In addition to antibody production, B-cells also present antigen, provide costimulation for T-cells,
and Denkers and colleagues have suggested a role for B-cells in the production of protective IL-12
during the chronic phase of toxoplasmosis (192). After infection with T. gondii, splenocytes from IL-5
knockout mice showed decreased B-cell numbers in culture when stimulated with STAg. Because the
loss of B-cells correlated with a reduced production of IL-12, these researchers suggested that B-cells
could be directly involved in the production of IL-12 or they might affect IL-12 levels indirectly either
by inducing the expression of CD40L on T-cells (193) or by expressing CD40L themselves (194,195).

4.7. Regulation of Immunopathology
Although the studies in the previous subsections illustrate the importance of a strong cell-medi-

ated immune response for resistance to T. gondii, it needs to be recognized that this protective
response can lead to severe immunopathology. As a consequence, certain cytokines are important in
the balance between protective and pathological responses. Probably the best example is provided by
the role of IL-10 during toxoplasmosis. IL-10 inhibits accessory cell functions of macrophages by
downregulating the production of IL-12, IL-1, and TNF-α, cytokines that are required for optimal
stimulation of IFN-γ production by T-cells and NK cells. The suppressive effects of IL-10 are neces-
sary to prevent immune hyperactivity, as shown by studies with IL-10 knockout mice. The lack of IL-
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10 during acute toxoplasmosis results in the systemic overproduction of proinflammatory cytokines
and a lethal immune-mediated pathology (66,196). However, treatment of infected IL-10 knockout
mice with monoclonal antibodies against IL-12 or IFN-γ leads to a delay in time to death (66), dem-
onstrating the important role of IL-10 in balancing the production of cytokines in the host. Studies by
Gazzinelli and colleagues (196) revealed that the lethal immune hyperactivity in IL-10 knockout
mice is mediated by CD4+ T-cells, because in vivo depletion of CD4+ T-cells protected these mice
from parasite-induced mortality. As discussed earlier, costimulation is normally associated with pro-
tection, but in the absence of IL-10, both the B7/CD28 and CD40/CD40L interactions contribute to
the development of immunopathology. Simultaneous blockade of CD28/B7 and CD40/CD40L sig-
naling in IL-10 knockout mice decreases the production of IFN-γ and expression of iNOS in the liver
and spleen (57), which prevents the lethal shocklike reaction normally observed in these mice. How-
ever, although IL-10 has been shown to reduce macrophage expression of MHC class II, CD40, B7.1,
and B7.2 (197–201), it does not regulate expression of these molecules during acute toxoplasmosis
(56,57,202).

The local events induced by T. gondii in the gut can also result in severe pathology, depending on
the genetic background of the mice. Thus, infection of C57BL/6 mice (H-2b haplotype) can lead to a
lethal immune-induced pathology in the gut mediated by CD4+ T-cells and IFN-γ (203). Similar to
studies described above with the IL-10 knockout mice, blockade of costimulation through CD44
(which enhances CD4+ T-cell production of IFN-γ) reduces the development of pathology in the gut
associated with decreased production of IFN-γ (204). Moreover, IFN-γ induces Fas-mediated
apoptosis of CD4+ and CD8+ T-cells in Peyer’s patches of C57BL/6 mice, which results in a signifi-
cant decrease of both T-cell subsets in the ileum of the mice (205), and NO has been shown to
enhance the development of necrosis in the gut associated with this inflammatory response (206). In
contrast to susceptible C57BL/6 mice, most other strains of mice, including BALB/c (H-2d haplo-
type) mice, fail to develop pathology in the gut following infection with T. gondii (203). Two recent
studies have helped to understand how these mice prevent the development of immune pathology in
the gut. Buzoni-Gatel et al. demonstrated that the ability of IELs to produce TGF-β prevents the
development of pathology, and the protective effect of TGF-β could be the result of its ability to
inhibit production of IFN-γ and NO (207). Similarly, in the absence of IL-10, BALB/c mice develop
a lethal intestinal pathology similar to that seen in C57BL/6 mice (208). Similar results are described
in studies with IL-10 knockout mice that are prone to developing spontaneous enterocolitis. The
pathology in these mice is associated with increased production of proinflammatory cytokines by
macrophages and CD4+ T-cells when stimulated with Th1-dependent antigens (209,210). Thus,
through its ability to decrease production of IFN-γ, IL-10 is an important regulator of immune pathol-
ogy and this regulatory role is independent of the genetic background of the mice. Together, these
studies indicate that, during infection, the production of inflammatory cytokines is balanced by the
production of regulatory cytokines such as IL-10 and TGF-β. Both cytokines have suppressive effects
on accessory cell functions required for stimulation of cell-mediated immunity after infection with T.
gondii. However, IL-10 and TGF-β play a critical role in allowing the development of protective
responses while minimizing the immune pathology that can accompany these strong cell-mediated
responses.

5. CONCLUSIONS

In the last decade, there has been a tremendous growth in the availability of mice that lack various
immune molecules, which has allowed researchers to define the complex interactions that regulate the
immune response to T. gondii. Some of the findings have been unexpected and highlighted new areas
of research. For example, the events that lead to the generation of IL-12-independent IFN-γ responses
or the identification of iNOS-independent mechanisms of resistance to T. gondii have defined new
questions that are not just specific to toxoplasmosis but that provide important information on how
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cell-mediated immunity works. One of the challenges that now faces this field is to determine if this
information can be used to promote resistance to T. gondii through the design of effective vaccines or
by selectively augmenting the immune response in immunocompromised individuals at risk of devel-
oping clinical toxoplasmosis. Vaccine-induced immunity to T. gondii does wane with time, but it has
been shown that exogenous IL-15 helps to maintain vaccine-induced protective CD8+ T-cell responses
(211). Furthermore, a number of cytokines such as IFN-γ, IL-12, TNF-α, IL-1, and IL-2, which have
been shown to enhance protective immunity in murine models, have been proposed for trials in patients
with TE. For example, administration of IL-1, IL-2, or TNF-α to mice infected with T. gondii resulted
in a lower number of cysts in the brain and a significant decrease in mortality of these mice (161,212).
However, there are many factors to consider before clinical use of these cytokines in immunotherapy,
as the use of cytokines may depend on the type of patient to be treated. Thus, many of these cytokines
have been reported to enhance replication of HIV (213) and may not be suitable for treatment of TE in
patients with AIDS. In contrast, other stimuli such as IL-12, IFN-γ, and soluble CD40L have been
shown to restore suppressed immune functions in AIDS patients and to have inhibitory effects on
parasite replication (36,48,142,213,214). Thus, they are strong candidates for immunotherapy. How-
ever, an effect on viral replication would not be a consideration in patients with other primary or
acquired immune deficiencies, and many of these stimuli may be appropriate in the context of patients
being treated with immune-suppressive therapies or with defects in the CD40/CD40L interaction. In
addition, the combination of chemotherapy and immunotherapy can lead to efficient treatment regimes
against TE. Administration of IL-12 together with clindamycin and atovaquone has been shown to
potentiate the effects of these drugs (215), and studies with IFN-γ and roxithromycin demonstrate a
synergistic effect when used in combination (216). Thus, an understanding of the parasite itself to-
gether with the immune mechanisms induced after infection represent opportunities to develop new
approaches to manage clinical disease.
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Viroceptors

Virus-Encoded Receptors for Cytokines and Chemokines

Grant McFadden

1. INTRODUCTION

Viruses that propagate within vertebrate hosts have continuously coevolved with both the innate
and acquired arms of the immune system for countless millennia (1–3). Successful viruses generally
exploit multiple strategies to survive in the hostile environment encountered within complex tissues
of immunocompetent hosts. One of these strategies involves the synthesis of specific viral proteins
that interact with critical immune molecules to either inhibit or modulate their antiviral activities
(4,5). Critical targets for viral subversion include ligands and receptors of the cytokine and chemokine
networks (6–9), a strategy that has been particularly effective for members of the poxvirus (10–15)
and herpesvirus (16–20) families.

In order to systematize the growing family of virus-encoded gene products that modulate cytokines
or their receptors, several terms have been proposed to indicate whether a given viral protein is more
closely related to a host ligand or receptor. Thus, “virokines” are considered to be secreted viral
proteins that mimic host cytokines, growth factors, or related extracellular immune regulators,
whereas “viroceptors” are usually either cell associated or secreted but are thought to be derived from
either host receptors or related immune ligand-binding molecules (21,22). In this chapter, we focus
only on examples of the viroceptor class of viral immunoregulatory proteins that are targeted toward
cytokines and chemokines.

These viroceptors can be divided operationally into those that are secreted, usually as soluble
glycoproteins, from virus-infected cells (Table 1 and 2) and those that localize to the infected cell
surface (Table 3). In some cases, these viral proteins are thought to have been acquired from known
cellular genes by ancestral cDNA capture events (and, thus, are true homologs of the cellular ver-
sion), whereas in other cases, there is either low or no sequence similarity to host proteins. In the
latter case, the viral proteins were sometimes identified by their operational ability to bind and inac-
tivate known cytokines, rather than by any direct sequence relationship with the currently published
database of known cellular cytokine receptors. With the rapid proliferation of current sequencing
efforts, however, host homologs of some of these “orphan” viral cytokine-binding proteins may yet
be discovered. In the following section, the various classes of viroceptors are considered according to
either the cytokine receptors they mimic or the specific cytokines they bind and inhibit.
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Table 1
Secreted Viroceptors That Mimic Cellular Receptors

Type Example (virus) Features

TNF-R M-T2, S-T2 (MYX, SFV) Inhibits rabbit TNF
TNF-R CrmB (CPV, VaV) Inhibits TNF, LT-α
TNF-R CrmC (CPV, VV) Inhibits TNF
TNF-R CrmD (CPV, EV) Inhibits TNF, LT-α
TNF-R CrmE (CPV) Inhibits human TNF
TNF-R UL144 (HCMV) TNF-R homolog

IL-1β-R B15R (VV, CPV, EV) Inhibits IL-1β and fever response

IFN-γ-R M-T7 (MYX, SFV) Inhibits rabbit IFN-γ and binds chemokines
B8R (VV, CPV, EV, VaV) Inhibits IFN-γ

IFN-α/β-R B18R (VV, CPV, EV) Inhibits type I IFN
136R (YLDV) Putative IFN-α/β-BP

CSF-1-R BARF1 (EBV) Inhibits CSF-1

Note: See Section 11 for explanation of abbreviations.

Table 2
Secreted Viroceptors That Bind Chemokines and Cytokines

Type Example (virus) Features

Chemokine-BP (CBP) M-T7 (MYX, SFV) Binds C, CC, CXC chemokines
M-T1 (MYX, SFV) Inhibits CC-chemokines
C23L/B29R (VV-Lister, RPV) Inhibits CC chemokines
G3R (VaV) Inhibits CC chemokines
D1L/H5R (CPV) Inhibits CC chemokines

M3 (γ68HV) Broad spectrum chemokine inhibitor

Cytokine-BP gp38 (TPV) Inhibits IL-2, IL-5, IFN-γ, TNF

GM-CSF/IL-2-BP GIF (OV) Inhibits GM-CSF, IL-2

IL-18-BP MC53L, MC54L (MCV) Inhibits IL-18
D7L (EV,VV,CPV,VaV) Inhibits IL-18
14L (YLDV) Putative IL-18 inhibitor

Note: See Section 11 for explanations of abbreviations.

2. SECRETED VIRAL TNF RECEPTORS

Tumor necrosis factor (TNF) is a potent proinflammatory cytokine produced by activated mac-
rophages and T-cells (see refs. 23–29 for details). Three structurally and functionally related forms of
TNF have been identified and are termed TNF (cachectin), lymphotoxin-α (LT-α), and lymphotoxin-
β (LT-β). These TNF family ligands are active as trimers and induce pleiotropic effects on the immune
system, as well as modulating the early host responses to virus infection. Two of the known cellular
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Table 3
Cell Surface Viroceptors: Viral Chemokine Receptors

Type Example (Virus) Features

GPCR homologs orf74 (HHV-8/KSHV) Constitutive signaling CCR-CXCR
(Herpesviruses) ECRF3/orf74 (HVS) Functional CXCR

orf74 (γ68HV) Putative CXCR
orf74 (EHV-2) Putative CXCR
E1 (EHV-2) Functional CCR
E6 (EHV-2) Putative CCR
US28 (HCMV) Functional CCR-CX3CR
US27 (HCMV) Putative receptor
UL78, UL33 (HCMV) Putative CCR
M78, M33 (MCMV) Putative CCR
R78, R33 (RaCMV) Putative CCR
U12, U51 (HHV-6, -7) Functional CCR

GPCR homologs K2R (SPV) Putative CCR
(poxviruses) Q2/3L (CaPV) Putative CCR

7L,145R (YLDV) Putative CCR

Note: See Section 11 for explanation of abbreviations.

receptors for TNF are termed type 1 (p55) and type 2 (p75), both of which are members of a larger TNF-
receptor superfamily. Members of this receptor superfamily transduce signals that can lead to apoptosis,
inflammation, necrosis, or growth, depending on the cellular context. All possess multiple cysteine-rich
domain (CRD) repeat motifs within their N-terminal extracellular ligand binding region. Each CRD
consists of about 40 amino acids with 6 cysteine residues in a conserved spacing pattern. The TNF
family members play pivotal roles in establishing the inflammatory and immune responses and TNF/
LT-α and TNF/LT-β, in particular participate in a variety of antiviral activities.

The first documented example of a TNF-receptor-related protein encoded by a DNA virus was the
S-T2 gene of Shope fibroma virus (SFV), a poxvirus that induces benign fibromas in rabbits (30,31).
Related genes have subsequently been identified in other poxviruses, including myxoma virus (M-
T2) (32,33) cowpox virus (crmB, crmC, crmD, crmE) (34–37) variola virus (crmB) (38,39), ectrome-
lia virus (crmD), and vaccinia virus (crmC), although the vaccinia virus genes are disrupted and
nonfunctional in some strains (40,41). Like the cellular TNF receptors, the S-T2 and M-T2 proteins
each contain four CRDs and a signal sequence (31,33,42). None of the poxvirus family members has
any obvious transmembrane domain, but several vaccinia strains exhibit cell surface TNF inhibitors,
which remain to be characterized (43). The role of M-T2 in virus virulence was confirmed by disrupt-
ing both copies of the M-T2 gene in the myxoma virus genome (33).

Purified M-T2 protein effectively bound and inhibited rabbit TNF, but was unable to inhibit cellu-
lar lysis mediated by either murine or human TNF (44). The binding affinity of M-T2 for TNF ligand
is similar to that of secreted version of mammalian TNF receptors (Kd =170–195 pM), indicating that
M-T2 can compete with cellular receptors to sequester TNF (45). M-T2 is secreted from infected
cells both as a 40-kDa monomer and as a disulfide-linked 80-kDa dimer, whereas the TNF-ligand
itself is functional as a trimer. Both forms of M-T2 can bind TNF with comparable affinity but only
the dimer inhibits TNF-mediated cell lysis efficiently (45). Deletion studies on the M-T2 protein
have indicated that only three of the four N-terminal CRDs, which are related to other TNF-receptor
superfamily members, are essential for TNF inhibition (46).

M-T2 has also been ascribed an intracellular role in blocking apoptosis in myxoma virus-infected
lymphocytes. This antiapoptotic activity can be distinguished from TNF binding because C-terminal
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truncated versions of M-T2 that lack the third and fourth copies of the CRDs are unable to bind TNF
but still inhibit apoptosis in virus infected T-cells (47). Although many viral inhibitors of apoptosis
have been documented (48–51), M-T2 is the first viral protein discovered to have this unique dual
function of extracellular cytokine inhibition and intracellular apoptosis inhibition (47).

All of the characterized TNF viroceptors are from the poxviruses (reviewed in refs. 32, 52, and 53)
except for one example in the herpesvirus family. The Toledo strain of human cytomegalovirus
(HCMV) encodes a protein with CRDs characteristic of a TNF-receptor superfamily protein (54).
This putative HCMV viroceptor (UL144) is found only in the low-passage, virulent Toledo strain,
and not in the genome of the AD169 standard laboratory strain, indicating that UL144 may have a
role in survival within infected tissues (55,56).

3. SECRETED VIRAL INTERLEUKIN-1β RECEPTORS

Interleukin (IL)-1-α and IL-β are pleiotropic proinflammatory cytokines that, along with TNF, play
a critical role in mediating the early host responses to tissue injury and virus infection. The vaccinia
virus genome encodes a protein designated B15R (strain WR) that possesses characteristic structural
immunoglobulin domains and shares approx 30% amino acid similarity with the extracellular region of
cellular type II IL-1 receptors. The vaccinia (and related cowpox) virus B15R gene product is a secreted
glycoprotein that binds IL-1β, but not IL-1α or IL-1RA (the naturally occurring receptor antagonist of
IL-1) with an affinity Kd=234 pM, comparable to the cellular receptor (57,58). Expression of B15R
from vaccinia virus was shown to inhibit the biological activity of IL-1β in vitro (57,58).

The precise role of B15R in poxvirus virulence has been controversial. Vaccinia virus constructs
with disruptions in the B15R gene caused a more pronounced disease phenotype (and increased mor-
bidity) in mice but no alteration in host mortality when the virus is administered intranasally (57). In
contrast, infection of mice with the B15R-deficient virus by an intracranial route resulted in a marked
decrease in lethality compared to infection with wild-type virus (58). Later, it was shown that B15R
plays a pivotal role during poxvirus infection in modulating the fever response during vaccinia virus
infection (59). Further clarification of this issue might come from studies with other poxviruses that
express B15R-like genes, such as ectromelia virus in the mouse model (60).

4. SECRETED VIRAL IFN-γ RECEPTORS

The interferons (IFNs) not only render cells resistant to viral infection, but they possess additional
immunoregulatory properties also, such as the stimulation of the antigen-presentation pathways and
the activation of critical effector cells such as macrophages, cytotoxic T-lymphocytes (CTLs), and
natural killer (NK) cells (61). Interferons can trigger the antiviral state in an autocrine or paracrine
fashion by engaging interferon receptors on the surface of cells, generally in a species-specific fash-
ion. Receptor signaling leads to activation of the JAK/STAT signal transduction pathway, which, in
turn, is responsible for transcriptionally regulating the expression of a large number of genes that
mediate the antiviral state (62,63). Two classes of interferon have been identified, termed type I and
type II. Type I interferons include IFN-α (leukocyte) and IFN-β (fibroblast), whereas the type II class
is represented solely by IFN-γ, a product of activated T-lymphocytes and NK cells. The importance
of both interferon pathways in immune defense against viruses has been validated in a variety of
ways. For example, mice in which the interferon-receptor genes have been disrupted are severely
impaired in their ability to handle virus infections (64). Viruses have developed multiple strategies to
counteract the adverse effects of type I and II interferons at both the intracellular and extracellular
levels (65).

The first indication that viruses can exploit an extracellular decoy strategy to target an interferon
ligand directly was provided by the discovery that myxoma virus expresses a soluble, secreted IFN-
γ receptor homolog (66). This protein, M-T7, exhibits 30% amino acid sequence identity with the
extracellular, ligand-binding domain of the human IFN-γ-receptor α chain, including all of the eight
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structurally important cysteine residues (67). M-T7 directly binds and inhibits IFN-γ in a species-
specific fashion (66,68). M-T7 is secreted from myxoma virus-infected cells beginning at early times
postinfection and rapidly accumulates (107 molecules/infected cell/h) as a stable, soluble glycoprotein
in the extracellular environment (68). M-T7 protein binds rabbit IFN-γ with an affinity comparable to
the cellular receptor (Kd=1.2 nM) and is, therefore, a physiologically relevant IFN-γ inhibitor (67,69). A
T7 knockout mutant virus produced only nonlethal disease symptoms associated with a reduction in the
ability of the virus to disseminate within the infected rabbit (70). The loss of M-T7 expression in
myxoma virus was also associated with a dramatic alteration of leukocyte flux into infected lesions,
suggesting additional anti-immune properties for the M-T7 protein apart from the inhibition of IFN-γ
(70). Vaccinia vectors that are deleted for the IFN-γ receptor gene are also attenuated in vivo. (71).

The genomes of a wide variety of orthopoxviruses, including vaccinia, cowpox, ectromelia, and
variola viruses, also encode genes with homology to cellular IFN-γ receptors (66,70,72). In contrast
to M-T7, which binds and inhibits rabbit but not human or murine IFN-γ (68), the homologs from
other poxviruses display a broader species specificity (72–74). The original species-specificity pro-
file of each virus has implications for the evolutionary history of the orthopoxviruses (72–75).

There have been several reports of poxvirus-secreted proteins that bind not only IFN-γ, but other
ligands as well. As will be considered in a later section, the M-T7 protein of myxoma also binds
promiscuously with a range of chemokines representing the three major chemokine subfamilies (CXC,
CC, and C) via the conserved, heparin-binding motif at the C-terminus of many of these chemokines
(76). IFN-γ-binding activity has been documented by a 35-kDa secreted protein species expressed
from tanapoxvirus-infected cells (77). The usage of multifunctional domains may actually be a more
common property of viroceptors than is currently appreciated in the literature. Such multifunctional
viroceptors have been shown to possess generalized anti-inflammatory properties in animal models
of inflammation outside the context of viral infections (78).

5. SECRETED VIRAL IFN-α/β INHIBITORS

Experiments using transgenic mice have shown that type I interferons are pivotal for the control of
infections resulting from many viruses (64,79,80). The B18R gene of vaccinia (strain WR) encodes
an IFN-α/β viroceptor (81,82). This protein contains amino-acid-sequence motifs characteristic of
the immunoglobulin superfamily, but has relatively low sequence similarity to the known interferon
receptors. Nevertheless, the B18R protein has been shown to bind and functionally inhibit various
type I interferons (81–84). This inhibitory activity is characterized by broad species specificity, which
is consistent with the wide host range exhibited by vaccinia (82,84). Vaccinia B18R is important for
virus virulence, because both a natural deletion variant (vaccinia strain Lister) and an engineered
mutant of strain WR unable to express functional B18R protein each produce an attenuated disease
phenotype in mice (82). Related IFN-α/β-binding activities have also been observed for other
orthopoxviruses, such as cowpox and ectromelia (81,82).

Interferon-α binds type I interferon receptor via a single high-affinity site at the N-terminus of the
ligand. In contrast, the interaction of B18R with IFN-α1 and -α2 is mediated by both the N- and C-
terminal domains of the interferons, perhaps explaining the unusual broad species specificity of the
vaccinia protein (83). Another relevant feature of the B18R protein is that it is not only secreted from
infected cells as soluble protein, but is also detected in a cell surface form (85,86). Therefore, it is
possible that B18R may act not only by sequestering IFN-α/β but also by interfering with signal
transduction by type I interferon receptors (86,87).

6. SECRETED VIROCEPTOR FOR COLONY-STIMULATING FACTOR-1

The BARF1 gene product expressed by Epstein–Barr virus (EBV) is a secreted viral protein that is
distantly related to the c-fms oncogene and that binds the pleiotropic cytokine, colony-stimulating
factor-1 (CSF-1) (88). CSF-1 is an important regulator for the differentiation of monocyte/macroph-
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age and plays a critical role during reproductive gland development (89,90). Thus, BARF1 has been
suggested to represent a virus-specific strategy against the antiviral activities of activated macroph-
ages (88). In addition, the BARF1 gene has been implicated in the oncogenic potential of EBV
(91–95), although BARF1 gene knockout constructs  remain competent for transformation of B-cells
and latency (96). Nevertheless, BARF1 was capable of blocking CSF-1-induced release of IFN-α
from monocytes, consistent with an ability to bind and inhibit CSF-1 (96). In fact, it is reasonable to
propose that BARF1 compromises the potency of monocytes/macrophages as antiviral effector cells
by specifically reducing their capacity to elaborate type I interferons (96).

7. SECRETED VIRAL CHEMOKINE-BINDING PROTEINS

Chemokines comprise a growing superfamily of small proinflammatory proteins that function to
activate and mobilize cells of the immune system to sites of trauma or infection (97,98). Chemokines
are currently classified based on conserved structural moieties and the receptors through which they
impart their biological activity (99,100). They exert proinflammatory and antiviral activities by sig-
naling through specialized serpentine receptors belonging to the superfamily of G-protein-coupled
receptors that span the cell surface membrane seven times.

A unique strategy used by certain poxviruses and herpesviruses for counteracting chemokine in-
volve soluble chemokine-binding proteins (CBPs) (6–8,14,101,102). These secreted 35- to 40-kDa
viral glycoproteins function as extracellular chemokine scavengers but do not exhibit any sequence
similarity to known chemokines or chemokine receptors. The related subject of virus-encoded
chemokine mimics (which are technically classified as virokines) that can also antagonize chemokine
functions is not covered in this chapter, but has been reviewed elsewhere (6,7). Chemokine functions
in vivo depend both on high-affinity interactions with target leukocyte G-protein-coupled receptors
and lower-affinity interactions with glycosaminoglycans located on cell surfaces and throughout the
extracellular matrix (103,104). Thus, effective antagonism of chemokine functions can occur by dis-
ruption of either the low- or high-affinity chemokine-binding sites (105). As previously mentioned,
the M-T7 protein binds not only IFN-γ but also a wide spectrum of chemokines (76,101). Binding
studies using IL-8-deletion mutants revealed that purified M-T7 interacts with the low-affinity GAG-
binding domain but not the high-affinity receptor-binding domain of IL-8 (76). It has, therefore, been
suggested that M-T7 may disrupt the presentation of chemokine gradients within infected tissues by
competitively blocking chemokine–GAG interactions rather than occluding chemokine–receptor in-
teractions (101). Interestingly, the related T7-like protein of vaccinia does not bind chemokines,
suggesting an evolutionary divergence between related proteins from different poxviruses (106).

Another mechanistic class of poxvirus CBP was detected by physical binding studies and have been
designated as T1/35K or vCCI (viral CC chemokine inhibitor) (106–108). Related proteins have now
been detected in many poxviruses, including variola (smallpox), cowpox, racoonpox, Shope fibroma,
myxoma virus, camelpox, ectromelia (mousepox), rabbitpox, and some strains of vaccinia viruses (see
Table 2) (106–108). This class of viral CBP binds to a broad spectrum of CC chemokines with high
affinity and at least one CXC chemokine IL-8, but with lower affinity. Binding of T1/35K/vCCI family
members to CC chemokines effectively prevents the ability of these ligands to bind and trigger
chemokine receptor signaling in responsive cells with inhibition constants (Ki) in the subnanomolar
range (106,108,109). However, none of these CBPs will neutralize CXC chemokines such as IL-8 in
vitro, suggesting that CC chemokines are the preferential targets of inhibition in vivo (106,108,109).

Members of the T1/35K/vCCI-CBP family were shown to potently inhibit CC chemokine-stimu-
lated migration of monocytic cells, suggesting that these viral proteins function in vivo by blocking
monocyte/macrophage trafficking into virus-infected tissues (106,108,109). Purified CBP (VV-35
kDa) from vaccinia virus, for example, effectively blocks eotaxin-stimulated infiltration of eosino-
phils in a guinea pig skin model of inflammation (106). Using knockout virus analysis, at least two of
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these family members have been demonstrated to dramatically block leukocyte chemotaxis during
poxvirus infection. European rabbits infected with recombinant myxoma or rabbitpox virus variants
deficient in T1/35K expression display a reduction in monocyte/macrophage and lymphocyte infil-
trates into dermal lesions surrounding the primary infection site during the early stages of infection
(107,110), suggesting specific inhibition of CC-chemokine-mediated migration of inflammatory cells
into virus-infected sites during the early acute phase of poxvirus infections. However, the gene knock-
out variants of both myxoma virus or rabbitpox virus had little effect in reducing mortality in the
infected rabbit hosts despite these potent antichemokine properties (110,111). Perhaps the most
notable aspect of this family of CBPs is the apparent lack of sequence similarity to any known cellu-
lar proteins, including seven-transmembrane spanning chemokine receptors (106–108). The struc-
ture of one member of this CBP family, namely the p35 chemokine inhibitor from cowpox, was
determined and revealed a novel arrangement of twin β-sheets that suggests a novel mechanism of
chemokine inhibition (112). In fact, an Fc-fusion construct with the cowpox p35 protein has been
shown to block allergen-induced hyperreactivity in a mouse model of asthma (113).

More recently, a novel CBP from γ68-herpesvirus was identified and shown to have unique
chemokine-binding spectrum (114,115). It seems likely that other members of this growing CBP
superfamily of viroceptors remain to be uncovered.

8. VIRAL BINDING PROTEINS THAT INHIBIT MULTIPLE CYTOKINES

In addition to the previously cited example of M-T7 protein, which binds IFN-γ as well as
chemokines, several other secreted viral proteins interact with multiple classes of host cytokines. For
example, the major secreted 38-kDa protein from cells infected with tanapoxvirus inhibits not only
IFN-γ but also IL-2 and IL-5 (77). Although the virus gene remains to be identified, the protein
apparently also reduces TNF-induced upregulation of cellular adhesion genes (116).

Another example of multiple cytokine inhibition by a single viral protein species is the GIF pro-
tein of orf virus, which binds and inhibits both granulocyte–macrophage colony stimulating factor
(GM-CSF) and IL-2 (117,118). This inhibition was shown to be species specific and exhibited
picomolar binding affinities with the ovine cytokines (118). The importance of IL-2 inhibition by GIF is
likely mediated at the level of activated CTLs and NK cells. The observation that GM-CSF expressed
by recombinant vaccinia virus causes increased antigen-presenting cells in regional lymph nodes (119)
suggests that GM-CSF inhibition will favor virus escape from immune recognition.

9. VIRAL IL-18-BINDING PROTEINS

Interleukin-18 is a critical proinflammatory cytokine produced by activated macrophages and
serves to promote IFN-γ secretion by reactive lymphocytes and NK cells (120,121). Like IL-1 and
TNF, IL-18 plays a major role in the early inflammatory responses to pathogens (122), and it is clear
that all three of these cytokines have been targeted for modulation by a variety of viruses. For example,
when a cellular inhibitor of IL-18, termed IL-18 binding protein (IL-18BP), was first identified, it
was noted that a related family of genes were encoded by a variety of poxviruses (123,124). The
suggestion that these viral IL-18BP homologs would be soluble inhibitors of IL-18 was subsequently
demonstrated with the IL-18BPs from Molluscum contagiosum virus (125,126), ectromelia virus
(127–129), vaccinia virus (128), variola virus (123), and cowpox virus (128,129), of which all bind
and inhibit IL-18 with nanomolar or subnanomolar affinities. The biological importance of IL-18
inhibition by poxviruses that express IL-18BPs likely includes protection against the activation of
lymphocytes that elaborate IFN-γ upon IL-18 stimulation, such is Th1 cells, CTLs, and NK cells.
More viruses continue to be discovered that encode putative IL-18BPs, such as Yaba-like disease
virus of monkeys (130). The role of these viral anti-IL18 proteins in viral pathogenesis and as anti-
inflammatory reagents will probably be a focus of numerous future investigations.
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10. VIRAL CHEMOKINE RECEPTORS

Nearly two dozen host chemokine receptors have been identified on migratory leukocytes such as
monocytes, dendritic cells, neutrophils, T-lymphocytes, B-lymphocytes, NK cells, basophils, and
eosinophils (100). The unique receptor distribution profiles on each of these multiple cell types pro-
vides a wide diversity of antiviral responses and makes chemokine receptors common targets for
pathogenic subversion. Some viruses, such as HIV, exploit cellular chemokine receptors as
coreceptors for entry into target cells. In addition, many members of the herpesvirus and poxvirus
family encode their own versions of viral chemokine receptors (vCRs) (see Table 3). Although these
vCRs were initially thought to play a role only in immune evasion, there is growing indirect evidence
pointing to more diverse roles, including viral replication, cellular tropism, and virus dissemination
during infection. In this chapter, only a few representative vCRs are considered for illustrative pur-
poses, but more comprehensive reviews of this topic have been recently published (1,2,6,7,16,20).

Human cytomegalovirus (HCMV) encodes three open reading frames (ORFs), designated US27,
US28 and UL33, with sequence similarity to the G-protein-coupled receptor superfamily (131). Of
these, the functional properties of US28 have been more extensively characterized. US28 is expressed
as an early gene during lytic infection and is nonessential for viral replication in cultured cells
(132,133). US28 is 33% identical to human CCR1 and binds with high affinity to multiple CC
chemokines, as well as the sole known CX3C chemokine, fractalkine, but shows no detectable affin-
ity for CXC chemokines (134–136). CC chemokines induce transient Ca2+ mobilization in US28-
expressing cells, suggesting that it is a functional signaling receptor (134), but more recent data
suggests that US28 can mediate constituitive activation of phospholipase C and necrosis factor (NF)-
κB (137). It has been claimed that US28 sequesters CC chemokines from the microenvironment in
virus-infected lesions, but this model of chemokine depletion remains to be proven as a bona fide
antihost strategy (132,138). US28 has also been shown to substitute as a coreceptor for infection by
certain strains of human immunodeficiency virus (HIV) (139,140), which at least demonstrates the
potential to synergystically bolster each virus during coinfections. Interestingly, US28 has been asso-
ciated with exacerbated vascular smooth muscle cell migration in HCMV-infected cells in response
to CC chemokine gradients, suggesting a potential role for HCMV infection in vascular disease (141).

It remains feasible that US28 could promote trafficking of infected cells to secondary sites of
infection and thus promote virus dissemination. Such a strategy has been proposed for other vCRs,
such as UL33 of HCMV and its homologous genes in mouse murine cytomegalovirus (MCMV)(M33)
and rat RaCMV(R33) (142–144). The UL33 family of vCRs share notable amino acid conservation
with the U12 ORF of human herpesvirus (HHV)-6 and HHV-7 (142,143,145). M33 and UL33 are
dispensable for viral propagation in vitro, but the expression of M33 does appear to be important for
efficient MCMV propagation within the salivary gland (142). The UL78 in mouse CMV is a constitu-
ent of the virion particle (146), whereas the version from rat CMV (R78) is essential for maximal
replication in vitro and for full virulence in infected rats (147).

Herpesvirus saimiri (HVS) is a T-lymphotropic γ-herpesvirus that induces fatal lympho-
proliferative diseases in New World primates. HVS encodes a vCR, designated ECRF3/orf 74, which
is conserved and collinear with orthologous genes found in a variety of γ-herpesviruses (148). ECRF3/
orf 74 can be induced into intracellular Ca2+ signaling by a variety of CXC chemokines, but not CC
chemokines (149). HVS primarily infects and induces transformation in T-lymphocytes, but it is still
unclear how ECRF3/orf 74 might provide an advantage for virus replication or survival.

The closely related orf 74 gene product of Kaposi sarcoma herpesvirus (KSHV, or HHV-8) can
promiscuously bind a broad spectrum of CXC chemokines with high affinity and several CC
chemokines with moderate to low affinity (150–152). One notable feature of KSHV orf74 is that it
possesses constitutive signaling activity even in the absence of ligand stimulation (150,153). In KSHV
orf74-expressing fibroblasts, this constitutive signaling resulted in cellular proliferation, transforma-
tion, and secretion of the potent angiogenic molecule vascular endothelial growth factor
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(150,154,155). The constitutive activation of KSHV orf74 has been mimicked by a valine substitu-
tion (D138V) within the DRY sequence motif of the second extracellular loop of CXCR2 (156). One
interesting feature of KSHV orf74 is the ability to densitize heterologous serpentine receptors (157),
but the in vivo significance of this remains unclear.

Several CXC chemokines, such as IFN-γ-inducible protein-10 (IP-10) and stromal-cell-derived
factor-1α (SDF-1α), act as inverse agonists, by blocking the constitutive signaling and transforming
activity of KSHV orf74 (158–160). In contrast, certain CXC chemokines, like IL-8 and growth-
related gene protein GROα, augment the signaling levels of KSHV orf74 even further (158,161) as
does HIV-1 tat (162). Note, however, that KSHV orf74, like many other herpesvirus vCRs, is ex-
pressed primarily in the terminal lytic phase of the viral life cycle (163), so it is unclear how the viral
protein contributes to tumorogenesis, but transgenic mice that express KSHV orf74 in hematopoietic
cells develop KS-like lesions (164).

Other lymphotrophic herpesviruses, like equine herpesvirus-2 (EHV-2) and murine γ68-herpesvi-
rus (γ68HV), also encode orf74 homologs, but their biological properties remain less characterized
(165–167). Mice chronically infected with γ68HV develop a lymphoproliferative disease that is ame-
nable to experimental studies of viral pathogenesis and thus may serve as a useful animal model for
studying the role of vCRs in vivo (168,169).

Potential vCRs have also been identified within genomes of several poxviruses. Swinepox virus
(SPV) encodes two examples, K2R and C3L, that share features typical of seven-transmembrane
chemokine receptors, except that C3L lacks a significant portion of the N-terminus (170). The Q2/3L
ORF of capripox virus is another putative vCR (171). Interestingly, Yaba-like disease virus (YLDV)
encodes two closely related vCRs similar to primate CCR8, but their biological roles also remain to
be studied (130).

11. ABBREVIATIONS

BP Binding protein
CaPV Capripox virus
CBP Chemokine binding protein
CCR CC chemokine receptor
CPV Cowpox virus
CRD Cysteine-rich domain
Crm Cytokine response modifier
CSF-1-R Colony-stimulating

    factor-1 receptor
CTL Cytotoxic T lymphocyte
CXCR CXC chemokine receptor
CX3CR CXXXC-chemokine receptor
EBV Epstein–Barr virus
EHV-2 Equine herpesvirus-2
EV Ectromelia virus
γ68HV γ68-Herpesvirus
GM-CSF Granulocyte/macrophage

    colony stimulating factor
GPCR G-protein coupled receptor
HCMV Human cytomegalovirus
HHV-6,7,8 Human herpesvirus-6,7,8
HVS Herpesvirus saimiri

IFNα,β,γ Interferon-α,β,γ
IFNα,β,γ-R Interferon-α,β,γ-receptor
IL-1β-R Interleukin-1β-receptor
KSHV Kaposi sarcoma

    herpesvirus (aka HHV-8)
LT-α Lymphotoxin-α
MCMV Murine cytomegalovirus
MCV Molluscum contagiosum virus
MYX Myxoma virus
ORF Open reading frame
OV Orf virus
RaCMV Rat cytomegalovirus
RPV Rabbitpox virus
SFV Shope fibroma virus
SPV Swinepox virus
TNF Tumor necrosis factor
TNF-R TNF-receptor
TPV Tanapox virus
VaV Variola virus
vCR Viral chemokine receptor
VV Vaccinia virus
YLDV Yaba-like disease virus
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Chemokines and Chemokine Receptors in HIV Infection

Paolo Lusso

1. INTRODUCTION

Human immunodeficiency virus (HIV), the causative agent of the acquired immunodeficiency
syndrome (AIDS), is a member of the Lentiviridae subfamily of retroviruses (1). HIV is a complex
retrovirus that contains a diploid RNA genome, approx 9600 nucleotides in length. In addition to the
typical retroviral genes (gag, pol, env), the HIV genome contains several nonstructural genes encod-
ing small regulatory proteins that modulate viral expression and play an important role in the interac-
tion with the infected host (1). Three branches in the phylogenetic tree of HIV-1 have been defined:
M (main), N (new), and O (outlier). Among them, group M is the most widespread, being responsible
for more than 99% of the infections worldwide. At least nine distinct genotypes (or clades) have been
identified within group M (labeled A through K), as well as a growing number of intermediate geno-
types, chimeric viruses most likely resulting from mixed infections in endemic areas (2).

Both in vitro and in vivo, HIV infects primarily T-lymphocytes of the CD4+ subtype, as well as
cells of the mononuclear phagocytic system, although many other cell types are likely to play a role
in the viral spread and pathogenic effects. For example, dendritic cells seem to be critical for mucosal
transmission of HIV by binding viral particles via surface lectinlike molecules, such as DC-SIGN,
and by transporting them to regional lymph nodes (3). Infection with HIV invariably results in viral
persistence lasting for the entire lifetime of the individual. However, the natural course of the infec-
tion is commonly slow, with a mean time of progression to symptomatic disease, in the absence of
therapy, of more than 8 yr after primary infection. Thus, in most patients, there is a long asymptom-
atic phase during which an apparent equilibrium is reached between the pathogen and the host, even
though viral replication is never fully suppressed and subtle immunological abnormalities can be
consistently detected (4).

It is generally believed that the level of HIV expression in vivo depends on a balance among
conflicting forces, some of which favor viral replication, whereas others keep it under control. The
cytokine network has been implicated as a major factor controlling the ability of HIV to spread
productively throughout the body (5). The interactions among HIV, cytokines, and immune system
cells form a very intricate web that has only partially been unraveled and that may hold a key to
understanding some of the basic mechanisms of HIV-induced pathogenesis, as well as to identifying
novel pathways toward effective therapies and vaccines. Within the realm of cytokines, however, a
unique place is occupied by chemokines (chemotactic cytokines) that entertain a very intimate and
unprecedented relation with HIV (6). Indeed, the evolutionary choice of HIV to exploit chemokine
receptors as critical gateways for gaining access into cells (7) has turned chemokines, the physiologi-
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cal ligands of such receptors, into natural antiviral agents that seem to play a fundamental role in
modulating the course of HIV infection.

The chemokine superfamily encompasses a large number of small (approx 8 kDa) cytokines
involved in the development and homeostasis of different organ systems, particularly the hematopoi-
etic system, as well as in the generation of both innate and adaptive immune responses (8). Further-
more, chemokines may play a role in angiogenesis and tissue repair mechanisms. Four families of
chemokines have been recognized, each showing a distinctive cysteine motif: the CXC (or α family,
characterized by two N-terminal cysteines separated by a single amino acid residue, the CC (or β)
family, in which the two cysteines are contiguous, the C (or γ family, featuring a single-cysteine
motif, and the CX3C (or δ family, in which the two cysteines are separated by three intervening
residues (8). Functionally, two major groups of chemokines can be distinguished: the so-called
“housekeeping” or homeostatic chemokines, which are generally expressed constitutively under
physiological conditions and play an essential role in development and homeostasis, and the
proinflammatory chemokines, which are typically inducible and play an essential role in inflamma-
tion and immune responsiveness. Chemokines recognize and activate cellular receptors belonging to
the seven-transmembrane-domain, G-protein-coupled superfamily (9). Intracellular signaling through
chemokine receptors is generally mediated by heterotrimeric G-proteins that activate different cas-
cades of signal conduction. A characteristic feature of the chemokine system is a remarkable degree
of redundancy, with several chemokines recognizing a single receptor and several receptors recog-
nized by a single chemokine. On the basis of ligand specificity, chemokine receptors can be classi-
fied into three major groups: specific (featuring a single high-affinity ligand), shared (with multiple
ligands within a single chemokine family), and promiscuous (with multiple ligands within different
families) (9). In addition to cellular chemokines and receptors, virus-encoded homologs have been
described (10). Generally, these viral chemokines and chemokine receptors are genetically repro-
grammed in order to function as either decoys or other molecular devices to fight the immune system
and/or alter the life-span and activation state of infected cells (10).

This chapter is focused on the extraordinary convergence between the fields of HIV and
chemokines, which has led to a more precise understanding of the mechanism of HIV entry into cells
and has opened new avenues for the development of effective strategies to fight AIDS, the most
dreadful epidemics of the last century.

2. 1995–1996: CHEMOKINES ENCOUNTER HIV

The first connection between HIV and chemokines was established in December 1995, when Cocchi
and colleagues identified three chemokines of the CC family, namely RANTES, macrophage inflam-
matory protein (MIP)-1α, and MIP-1β, as specific inhibitors of both human (HIV-1 and HIV-2) and
simian (SIV) immunodeficiency viruses (11), culminating a long quest for the identification of the
CD8+ T-cell-derived soluble HIV-suppressive factors that had been postulated almost a decade earlier
by Walker and colleagues (12). Shortly thereafter, in May 1996, Feng and colleagues, who were inde-
pendently investigating the nature of cellular determinants of HIV susceptibility, identified a
chemokine-receptorlike molecule, initially referred to as “fusin,” as a critical cofactor (or “coreceptor”)
for HIV-1 entry into cells (13). The extraordinary time coincidence of these two seminal discoveries
triggered an authentic chain reaction of experimental observations that permitted one to lift the veil,
within a period of only a few months, on several long-unsolved questions in HIV biology.

2.1. A Chain Reaction of “Breakthroughs”
In the original report on the HIV-suppressive activity of RANTES, MIP-1α, and MIP-1β (11), the

three chemokines were described as being selectively inhibitory for one of the two major biological
subsets of HIV-1 isolates, variously defined as non-syncytia-inducer, slow/low, or macrophage-
tropic, which are generally unable to grow in continuous T-cell lines (14). Conversely, CXCR4/fusin
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was found to serve as an entry cofactor exclusively for T-cell-line-tropic (syncytia-inducer, rapid/
high or T-cell-tropic) HIV-1 strains (13). Thus, it was obvious that two elements were missing to
complete the picture. Again, with a striking time coincidence, a novel chemokine receptor with the
ability to selectively bind RANTES, MIP-1α and MIP-1β, designated CCR5, was independently
reported in the early spring of 1996 by two groups, one led by Parmentier in Belgium and one by
Murphy in the United States (15,16). Capitalizing on these reports, five independent research groups
rushed to the identification of CCR5 as the major coreceptor used by non-T-cell-line-tropic HIV-1
isolates (7). Prompted by this startling “domino effect,” the CXC chemokine SDF-1 was swiftly
identified as a specific ligand for fusin (17,18) that was thenceforth renamed CXCR4. Several other
potential HIV coreceptors (i.e., CCR2b, CCR3, CCR8, CX3CR1, GPR1, STRL33/Bonzo, GPR15/
BOB, APJ, and the LTB4 receptor) were identified both during 1996 and in the following years using
in vitro assays of coreceptor function (7), but their in vivo biological relevance is still under scrutiny.

Thus, before the end of 1996, the picture was virtually complete, showing two major HIV
coreceptors, CCR5 and CXCR4, that can be specifically blocked by their physiological ligands.
Finally, the last major fruit of this extraordinary season was the discovery of a genetic trait—a dele-
tion within the coding sequence of the CCR5 gene (CCR5-∆32) that, in the homozygous form, con-
fers near-complete protection from HIV infection (19,20), providing the first conclusive evidence
that resistance to HIV can be genetically determined.

2.2. A New Classification System for HIV-1
The observation that HIV-1 isolates differ in their ability to use two chemokine receptors (CCR5

and CXCR4) provided a key to elucidate the physiological basis of the biological variability of HIV-
1, which was recognized for more than a decade (14). A novel classification system was therefore
proposed, based on the ability of individual isolates to use either CCR5 alone (CCR5-using or R5
variants), CXCR4 alone (CXCR4-using or X4 variants), or both CCR5 and CXCR4 simultaneously
(dual-tropic or X4R5 variants) (7). This function-based classification system has progressively
replaced the old (and inaccurate) nomenclature that identified clear-cut functional groups of isolates
based on their cellular tropism (T-cell-tropic vs macrophage-tropic) or the ability to induce giant
multinucleated cell formation (syncytia-inducer vs non-syncytia-inducer), whereas it is now evident
that these biological properties, with the exception of the ability to grow in continuous T-cell lines,
are essentially shared by all the different subtypes of HIV-1 isolates.

2.3. New Insights into the Mechanism of HIV Entry

The recognition that chemokine receptors serve as critical coreceptors for both primate and feline
immunodeficiency viruses has led to a better understanding of the process of viral entry into cells.
According to the currently accepted model, HIV sequentially interacts with two cellular receptors,
CD4 and a chemokine receptor—a strategy that allows the effective concealment and protection of
conserved, antibody-vulnerable envelope elements. The virion surface exposes protein spikes formed
by the oligomeric aggregation of the envelope glycoproteins, most likely in a trimeric form (21). The
initial interaction occurs with CD4 and involves the external envelope glycoprotein, gp120. The
precise contact interface between CD4 and gp120 has been recently mapped with the solution of the
X-ray crystal structure of a trimolecular complex formed by a truncated, variable loop-deleted HIV-
1 gp120 core, a two-domain fragment of human CD4 and a single-chain neutralizing human antibody
that recognizes a gp120 region widely overlapping with the putative coreceptor-binding site (22).
The CD4-binding site is located in a recessed cavity at the junction between the two major domains
of gp120 (inner and outer, with respect to the structure of the trimer), which partly explains its poor
immunogenicity in both naturally infected patients and vaccinated subjects. Binding to CD4 induces
dramatic conformational changes in gp120 that result in the creation, stabilization, or exposure of
previously cryptic structures, including a so-called “bridging sheet” that contains the primary site for
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coreceptor contact. Thus, the coreceptor-binding affinity of unbound gp120 is low, but it dramati-
cally increases when gp120 is bound to CD4 (22). In turn, binding to the chemokine receptor dis-
places gp120 from the central axis of the oligomer, allowing the transmembrane envelope
glycoprotein, gp41, to undergo a series of conformational changes leading to the exposure of its
amino-terminal “fusion domain,” to the formation of a fusion-active “hairpin” structure, and, eventu-
ally, to the fusion between the viral and cellular membranes (21). Each of these discrete steps repre-
sents a potential target for novel therapeutic agents capable of blocking the HIV entry/fusion process,
as well as of novel strategies for the development of protective vaccines. Unfortunately, the produc-
tion of antibodies against these conformation-dependent envelope structures, even during natural
infection, is rather inefficient.

3. CHEMOKINE RECEPTORS IN HIV INFECTION: PIVOTAL ROLE OF CCR5

At all stages of the infection, the ability of HIV to replicate in the host is critically dependent upon
the availability of specific coreceptors on the membrane of specific cellular subsets, as wells as upon
their differential utilization by the viral strains circulating in the body. Thus, any genotypic or pheno-
typic host factors modulating the expression of chemokine receptors and their chemokine ligands can
markedly affect the transmission, the tissue tropism and, ultimately, the pathogenic effects of HIV.

3.1. Genetic Polymorphisms of HIV Coreceptors: Effects on Viral Transmission
and Pathogenesis

Soon after the connection between HIV and the chemokine world was established, genetic studies
on individuals who remain uninfected despite frequent unprotected sexual contacts with HIV-infected
partners led to the identification of a genetic trait—CCR5-∆32/∆32—that confers a high degree of
protection from HIV infection (19,20). The CCR5-∆32 allele is characterized by a 32-base-pair dele-
tion within the coding sequence of the CCR5 gene. This deletion causes a reading frame shift that
introduces a premature stop codon, resulting in a defective receptor that is not even expressed on the
cellular surface. Only a handful of cases of CCR5-∆32 homozygotes infected with HIV has been
reported, and the infectious viral strains were consistently expressing an X4 phenotype (23,24). By
contrast, heterozygotes CCR5-∆32/+, whose cells express reduced levels of CCR5, are not endowed
with a reduced risk of infection, although their disease course is delayed (19). These observations
clearly attest to the central role of CCR5 in HIV infection. It is remarkable that the complete absence
of CCR5 in CCR5-∆32/∆32 subjects is not associated with any disease or developmental problem,
most likely as a result of the redundancy of the chemokine system (8,9). This fascinating “experiment
of nature” provides an important rationale for pursuing CCR5-targeted therapeutic strategies.

A second CCR5 polymorphism that introduces a premature stop codon, CCR5-m303, was
described in exposed uninfected subjects, although no homozygotes have so far been identified and,
thus, HIV resistance was only seen in double heterozygotes CCR5-∆32/m303 (25). Several other
genetic polymorphisms, in both coding and noncoding regions of chemokine-receptor genes (CCR2,
CCR5, CX3CR1), have been linked to measurable effects on the pace (either slower or faster) of HIV
disease progression in large cohort studies (26). However, none was associated with resistance to
HIV infection and, furthermore, some of these associations remain controversial. One of the most
solid observations involves a variant allele of the CCR2 gene (CCR2-64I), which was linked to a
slower progression to AIDS. Such mutation is not per se biologically relevant, because CCR2 is not
an important HIV coreceptor, but it is in linkage dysequilibrium with a polymorphism in the CCR5
promoter region (59653-T), which is apparently associated with a reduced expression of CCR5 (27).

Preliminary evidence indicates that chemokine-receptor alleles may also influence the response to
antiretroviral therapy (28), suggesting that chemokine-receptor genetic testing could be useful for
identifying patients at risk of therapeutic failure.
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3.2. In Vivo Utilization of Coreceptors by HIV-1
Despite the considerable number of chemokine receptors and related orphan molecules that, in

vitro, can function as HIV or SIV coreceptors, a large body of evidence indicates that only two
molecules, CCR5 and CXCR4, play a major role in vivo (29). In particular, CCR5 is the most widely
used coreceptor among wild HIV-1 isolates, whereas CXCR4 is used by a more restricted range of
viral strains, with some variability among different viral clades. In contrast, there is still debate on the
possible biological significance of some “minor” coreceptors in specific anatomical sites or during
specific phases of the infection (7). During the natural history of clade-B HIV-1 infection, the virus
evolution follows a characteristic pattern, with the invariable predominance of R5 strains during the
early clinical stages (30). Subsequently, a “phenotypic switch” to CXCR4 usage may occur, often
associated with increasing coreceptor promiscuity, generally at the time when the first immunologi-
cal and clinical signs of disease progression appear (30). The emergence of X4 strains has long been
recognized as a negative prognostic factor (14). However, even within clade B (which is dominant in
North America and Europe) in which X4 strains are generally more prevalent than in other clades, a
viral phenotypic switch is observed in only about 50% of the subjects (14,31). This proportion is
markedly lower in other clades, such as clade C (10–15%) (32,33). Moreover, the acquisition of
CXCR4 usage is rarely associated with a loss of CCR5 usage. Altogether, these observations demon-
strate that, at variance with a diffused belief, the emergence of CXCR4-tropic variants is not a
requirement for the development of AIDS. Thus, the traditional concept that X4 (syncytia-inducer)
HIV-1 variants are inherently more aggressive and pathogenic than R5 ones is currently under revi-
sion. In this respect, an important argument is provided by the clinical observations in a few HIV-
infected CCR5-∆32 homozygotes. Although in subjects with wild-type CCR5, an early switch to
CXCR4 usage is invariably associated with a high viral load and a rapid disease progression, infected
CCR5-∆32/∆32 subjects, who harbor CXCR4-using strains since the onset of infection, show no
increase in viral load nor rapid progression to AIDS (24).

Despite the extraordinary advancements in this area, several questions regarding the in vivo evo-
lution of HIV-1 remain unsolved. Why are the transmission and the early-stage replication of HIV-1
so obviously skewed in favor of CCR5 usage? Why do the CXCR4-using strains fail to emerge for
several years or decades even though CXCR4 usage can be acquired by small amino acid changes
within the variable loops of gp120, most notably the V3 loop, and in spite of the striking infidelity of
the HIV replication machinery? The most reasonable explanation for this apparent paradox is the
existence, in vivo, of a strong negative selective pressure against the utilization of CXCR4 by HIV.
Such pressure would then progressively disappear when the immune system starts to lose its func-
tional competence. However, the nature of the putative selective factor(s) is still largely unknown.
Although the CXCR4 ligand, SDF-1, may hinder the mucosal transmission of X4 variants, it is
unlikely to play a selective role after the establishment of persistent infection (see Section 4). Another
possible mechanism is related to the documented preferential association between CD4 and CCR5 on
the cell surface, even in cells coexpressing CXCR4 (34). Because CCR5 is expressed by interleukin
(IL)-2-stimulated, proliferating CD4+ T-cells, which likely constitute the major source of virus
reproduction in vivo, this skewed composition of the HIV-receptor complex would selectively favor
the replication and spread of R5 strains.

4. ROLE OF CHEMOKINES IN HIV-INFECTED PATIENTS: A NATURAL
MECHANISM OF PROTECTION?

The evolutionary choice of CCR5 as a primary entry coreceptor renders HIV vulnerable to the
inhibitory action of its natural ligands, RANTES, MIP-1α, and MIP-1β, three highly diffused
chemokines of the proinflammatory group, which are rapidly produced in response to a variety of
inflammatory stimuli, including persistent HIV infection. Llikewise, the endogenous production of
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SDF-1, a “housekeeping” chemokine that is constitutively expressed in selected anatomical sites,
may profoundly influence the transmission and spread of the less frequent biological variants of HIV,
which use CXCR4. In addition to these major HIV-inhibitory chemokines, other members of the
superfamily can modulate HIV infection (see Table 1), at least in some experimental systems, either
by blocking minor HIV coreceptors (e.g., I309) (Malnati et al., unpublished results) or by indirect
(still unknown) mechanisms (e.g., MDC) (35). However, the biological relevance of these second-
line HIV-inhibitory chemokines in the course of HIV infection remains, at present, uncertain.

4.1. Genetic Polymorphisms of Chemokine Genes: Effects on Disease Progression

Indirect evidence supporting an in vivo regulatory role of the chemokines RANTES and SDF-1 in
the course of HIV infection came from genetic studies performed in large patient cohorts. As seen for
chemokine receptors, genetic polymorphisms of the RANTES- and SDF-1-encoding genes have been
implicated as constitutive factors that may influence the pace of HIV disease progression. In particu-
lar, genetic variants of the RANTES promoter that may increase the basal production of the chemokine
have been associated with a slower progression to AIDS (36,37). Strikingly, however, the same vari-
ants were suggested to favor the transmission of HIV (37), an effect possibly related to the induction
of a “proinflammatory” milieu at the mucosal level. In the case of SDF-1, homozygosity for the SDF-
1 3' A allele, a polymorphism within the 3' untranslated region of the gene, has been linked to a slower
progression of HIV disease (26), although the results of a recent meta-analysis have challenged this
conclusion (38).

4.2. Chemokines as Natural HIV Antagonists: In Vivo Expression and Correlation
with Disease Progression

Since the discovery of the HIV-suppressive activity of chemokines, it has immediately become
evident that these natural substances could provide an important in vivo mechanism of protective
immunity against HIV-1. Chemokine-mediated inhibition of HIV-1 appears to result from a combi-
nation of two different mechanisms: direct receptor interference and receptor downmodulation. Thus,
the endogenous production of chemokines in lymphoid tissue, mucosae, and other tissues may repre-
sent a critical factor for the in vivo transmission and spread of the infection. An increased expression

Table 1
HIV-Inhibitory Chemokines

High-affinity HIV-variant Biological
Chemokines receptors specificity relevance

RANTES CCR3, CCR5 R5 Major
MIP-1α, MIP-1β CCR5 R5 Major
SDF-1 CXCR4 X4 Major
MCP-1, 2, 3, 4 CCR2b X4,R5 Minor
Eotaxin CCR3 X4,R5 Minor
I-309 CCR8 X4,R5 Minor
Fractalkine CX3CR1 X4 Minor
Apelin APJ X4 Minor
CXCR16 STRL33/Bonzo X4 Minor
LARC CCR6a X4,R5 Minor
MDC CCR4a X4,R5 Minor

aCCR4 and CCR6 are not known to serve as HIV coreceptors; therefore, the inhibitory ac-
tion of their ligand chemokines has been attributed to indirect mechanisms.
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of RANTES, MIP-1α, and MIP-1β was documented in HIV-infected lymph nodes, with particularly
elevated concentrations of RANTES in T-cell-dependent extrafollicular areas (39). Similarly,
overexpression of CCR5-binding chemokines was reported in HIV-1-infected subjects, both in vivo
and ex vivo, with a general correlation between higher chemokine levels and early stages of infection
or lack of disease progression (40–44). It has to be emphasized that ex vivo studies, particularly when
cells are stimulated with antigens or mitogens, primarily measure the functional reservoir of
chemokine secretion, rather than the actual level of secretion occurring in vivo. Regardless, these
chemokines may provide an effective control on the local spread of the most prevalent HIV-1 strains,
those using CCR5, thereby potentially contributing to the typically slow pace of disease progression
observed in most infected individuals. Although the exact mechanisms underlying the enhanced
secretion of CCR5-binding chemokines in the course of HIV infection are still unknown at present,
the current evidence supports the hypothesis of a complementary action of both cognate and innate
immune responses. The former consist of antigen-specific CD4+ and CD8+ T-cell responses, which
are known to be associated with the secretion of inflammatory chemokines (43,44); the latter include
less well-defined native responses to chronic inflammation, which involve a wider range of cell types
and can be induced by HIV itself, as well as by other concurrent infections (45).

As mentioned earlier, the CXCR4 ligand, SDF-1, may play a role in selectively hindering the
transmission and spread of CXCR4-using HIV-1 strains. This chemokine is, indeed, highly expressed
in the epithelium of the genital mucosa, as well as in the lamina propria of the small intestine, where
HIV actively replicates during primary infection (46). By contrast, the endogenous secretion of SDF-
1 in blood cells and lymphoid tissues is generally low and, thus, this chemokine is unlikely to contrib-
ute to the selective suppression of X4 variants following the establishment of a persistent systemic
infection.

4.3. Role of Chemokines in Vaccine-Elicited Protection from Primate
Immunodeficiency Virus Infection

The search for an effective human AIDS vaccine has been so far quite frustrating, although some
successes have been achieved in experimental nonhuman primate models (47). However, no consis-
tent and reliable correlates of vaccine-induced protection have been identified. Interestingly, evi-
dence is accumulating to suggest that the level of chemokine secretion, measured either in vivo or ex
vivo, may provide a reliable correlate of protection. This novel area of investigation was inaugurated
by Lehner et al. in 1996, who measured high amounts of CD8+ T cell-derived soluble SIV-suppres-
sive factors, mainly consisting of CCR5-binding chemokines, in protected macaques that had received
a targeted iliac-lymph-node SIV subunit vaccine (48). Similar results were subsequently obtained in
other animal studies using a variety of immunization protocols (29). Of note, CCR5 and its ligands
are preferentially associated with Th1-polarized responses, which are essential in the control of intra-
cellular pathogens like retroviruses. Again, a cooperative effect of native and cognate immune mecha-
nisms has been postulated in the generation of this chemokine response, with the participation of both
antigen-specific and nonspecific secretive cells (29). Remarkably, a similar phenotype has been linked
with natural resistance to HIV, as suggested by the high prevalence of a high-RANTES, low-CCR5
phenotype in exposed, uninfected subjects, associated with Th1 polarization and decreased suscepti-
bility of CD4+ T-cells to HIV-1 infection (49).

5. CHEMOKINES AS NEW THERAPEUTIC PRINCIPLES AGAINST HIV

The encounter between HIV and the chemokine system has opened new perspectives for the
therapy of AIDS. The need for an improvement of the current drug-combination regimens, based on
viral enzyme (i.e., reverse transcriptase and protease) inhibitors, is underscored by the important
drawbacks and limitations that still characterize these therapies, including rapid rebound after with-
drawal, increasing emergence and transmission of multidrug resistance, often severe side effects,
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difficulties in schedule compliance, and, most importantly, lack of virus eradication even after long-
term effective treatment (50). Although all of the currently licensed antiretroviral drugs block HIV
after its penetration into the target cell, coreceptor inhibitors would target the early interactions
between the virus and the cell membrane, thereby locking HIV outside its target cells. Thus, the
introduction of CCR5-targeted agents as components of a multidrug cocktail could be extremely
valuable, particularly during the early phase of the infection, when aggressive therapeutic regimens
might have the greatest long-term impact on virus control and, ultimately, eradication. At present, no
coreceptor-targeted drug is yet available for clinical use, but a few compounds have already shown
promising results in preclinical studies.

One of the major hurdles on the way toward developing safe and effective coreceptor inhibitors is
the risk of interfering with the physiology of the chemokine system, thereby causing potentially
harmful side effects. This risk is of particular concern when targeting housekeeping chemokine
receptors, such as CXCR4, that are involved in vital homeostatic functions. Conversely, the use of
proinflammatory chemokine agonists may result in inflammatory side effects. In addition, one has to
consider that the seven-transmembrane-domain, G-protein-coupled receptor superfamily, to which
chemokine receptors belong, is widely distributed in higher organisms, with vital molecules in nearly
every system. Thus, a critical issue is the selectivity of candidate drug inhibitors, which must bind to
the target chemokine receptor but not to other related receptors in the body.

5.1. Inhibitors of CCR5
Because of the pivotal role it plays in the transmission and spread of HIV-1 in vivo, the CCR5

coreceptor represents the prime target for new therapeutic strategies (29), also in consideration of the
apparent lack of immunologic alterations associated with its congenital deficiency. Different
approaches to target CCR5 have been proposed, with particular emphasis on the need to produce
nonsignaling molecules in order to avoid inflammatory side effects, as well as putative enhancing
effects on the replication of X4 HIV strains (51). Another issue that has attracted considerable atten-
tion is the risk that, by blocking the CCR5-mediated viral entry pathway, one would exert a selective
pressure on HIV, favoring the acquisition of CXCR4 usage and, thereby, accelerating the disease
progression. A switch toward CXCR4 usage has indeed been observed in a few infected chimeric
severe combined immunodeficiency (SCID) mice, repopulated with human peripheral blood mono-
nuclear cells, upon treatment with modified RANTES analogs (52). However, this concern may have
been largely overemphasized because the strong selective forces that hinder the emergence of
CXCR4-using viral strains in asymptomatic HIV-infected patients (see Subheading 3.2.) will most
likely prevent a phenotypic switch even during administration of CCR5-targeted therapeutic agents.

A list of potential therapeutic agents targeting the CCR5 receptor is presented in Table 2. They
include the natural chemokines, either in their native, soluble form (11) or with an endoplasmic
reticulum-localization tag for intracellular trapping of CCR5 (53), full-length (54–57), or small-pep-
tide (58) chemokine derivatives and chemokine-unrelated small molecules (59,60). A strategy that
has been widely pursued in order to improve the antiviral activity of native chemokines was the
modification of the amino-terminal region, which contains the primary determinants for receptor
activation. Chemically modified chemokines such as amino-oxypentane (AOP)-RANTES and N-
nonanoyl (NNY)-RANTES are powerful R5 HIV inhibitors, with activity in the picomolar to low
nanomolar range (52,54), although they generally maintain agonistic functions, associated with a
striking ability to downmodulate CCR5 expression. By contrast, RANTES analogs bearing natural
amino acid substitutions are generally less potent, but have the advantage of being suitable for use in
gene therapy delivery systems. Among the latter, a particularly promising molecule is C1.C5-
RANTES, which possesses an increased anti-HIV potency, relative to the wild-type molecule, with-
out agonistic functions on both CCR3 and CCR5 (57).

A different approach is the derivation of small synthetic peptides mimicking the tridimensional
structure of the functional regions of CCR5-binding chemokines. Recently, peptides derived from
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the N-loop region of RANTES were shown to block HIV-1 infection and fusion, as well as to antago-
nize RANTES in a lymphocyte chemotaxis assay (58), formally demonstrating that the antiviral and
signaling functions of RANTES can be uncoupled. Interestingly, a retroinverted D-peptide mimetic,
inherently resistant to digestion by proteases and, thus, potentially more stable in vivo, showed an
HIV- and chemotaxis-inhibitory activity similar to that of its L-counterpart (58). Although linear
peptides based on the natural amino acid sequence generally possess a low specific activity, this
information could be instrumental for the design of highly potent small-peptide inhibitors. Indeed,
the lesson that we can learn from the tridimensional structure of a naturally selected ligand, such as
RANTES, may teach us how to rationally design inhibitors with the best fitness for the target receptor.

Considerable attention, particular by large pharmaceutical industries, is currently focused on
nonpeptidic small molecules with the selective ability to bind CCR5. The first nonpeptidic compound
reported to display anti-HIV activity was a quaternary ammonium derivative, TAK-779 (59). More
recently, a specific oxime-piperidine CCR5 antagonist, SCH-C (SCH 351125), was identified by high-
throughput screening (60), which shows a broad and potent antiviral activity in vitro against primary
R5 HIV-1 isolates (with specific activity in the low nanomolar range) while having no effect on
CXCR4-using strains. Importantly, SCH-C displays a favorable pharmacokinetic profile in rodents
and primates, with an oral bioavailability of 50–60% and a serum half-life of 5–6 h. The main poten-
tial drawback of this molecule is related to the observation of cardiac side effects (QT prolongation)
that might reflect cross-recognition of a CCR5-related receptor molecule expressed in cardiomyocytes.
Nevertheless, SCH-C is, at present, the most promising coreceptor-targeted drug for the treatment of
HIV infection.

5.2. Inhibitors of CXCR4

Although the exact significance of CXCR4 as a therapeutic target is still debated, several mol-
ecules against this receptor are under investigation for potential use in preventing the emergence and
spread of CXCR4-using variants in patients with advanced HIV disease (see Table 2). Even though
SDF-1, the only known CXCR4 ligand, represents an obvious candidate, its specific activity against

Table 2
Potential Inhibitors of HIV Entry Targeting Chemokine Receptors

Molecules Target receptors

RANTES, MIP 1-α, MIP 1-β, LD78β CCR5
AOP-RANTES, NNY-RANTES CCR5
C1.C5-RANTES, L-RANTES, RANTES3–68, RANTES9–68 CCR5
RANTES-derived synthetic peptides CCR5
TAK-779 (quaternary ammonium derivative) CCR5
SCH-C (piperazine derivative) CCR5
E913 (spirodiketopiperazine derivative) CCR5
SDF 1-α CXCR4
Met-SDF-1 CXCR4
SDF-1-derived synthetic peptides CXCR4
T22, T134, T-140, TC-14012 (polyphemusin derivatives) CXCR4
ALX40-4C CXCR4
AMD3100, AMD3329 (bicyclam analogs) CXCR4
1-Deoxynojirimycin (saccharide decoy) CXCR4
Intrakines (RANTES, SDF-1) CCR5,CXCR4
Anticoreceptor antibodies (humanized) CCR5,CXCR4
NSC 651016 (distamycin analogue) CCR5, CXCR4
Baicalin (flavonoid derivative) CCR5, CXCR4
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HIV-1 is generally low, when compared to that of CCR5-binding chemokines (30), a phenomenon
that might be related to a rapid amino-terminal cleavage and functional inactivation by cathepsin G
present on the surface of lymphocytes (61). Several peptidic compounds, such as T22, T134, and
ALX40-4C, as well as amino-glycoside conjugates of L-arginine, such as R4K and R3G, have been
identified as CXCR4 antagonists and display anti-HIV activity in vitro. At present, however, the
most potent and specific small-molecule HIV inhibitor targeting CXCR4 is the bicyclam derivative
AMD3100 (62). Strikingly, this drug was already recognized as an effective antiviral agent before
the discovery of HIV coreceptors and is currently in phase II clinical experimentation.

The major concern in the development of CXCR4-targeted agents is the risk of causing severe side
effects related to the crucial role of this housekeeping receptor in organ development and homeosta-
sis. Indeed, both CXCR4 and SDF-1 knockout mice exhibit a lethal phenotype, with severe defects
not only in the hematopoietic system, particularly in the B-lymphoid and myeloid compartments, but
also in other tissues, such as the heart and the brain (63,64). Moreover, it has to be underscored that
a large number of CXCR4-using HIV-1 isolates are promiscuous in nature, as they can penetrate cells
via alternative coreceptors, including CCR5 and/or CCR2b, CCR3, CCR8, APJ, or others. Thus,
blockade of CXCR4 alone might prove insufficient to limit the in vivo spread of most X4 viral
strains.

6. CONCLUSIONS

The extraordinary advances made during the past 5 yr in the field of HIV biology, primarily the
elucidation of the complex and intimate interactions that occur between this virus and the chemokine
system, have raised a cautious optimism on the possibility of developing increasingly effective strat-
egies for the control of HIV infection. Specifically, with the availability of specific blockers of the
two main HIV coreceptors, CCR5 and CXCR4, it will possible to design highly efficacious multidrug
therapeutic protocols targeting at least three distinct steps in the viral life cycle: entry, reverse tran-
scription, and maturation. The implementation of such protocols might eventually lead to the achieve-
ment of the ultimate goal of antiviral treatment, which is still beyond the reach of the current
therapeutic weapons: HIV eradication.
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1. INTRODUCTION

Hepatitis B (HBV) virus and hepatitis C virus (HCV) are the two major causes of chronic liver
inflammation worldwide, leading to cirrhosis and hepatocellular carcinoma. It has been estimated that
300 million people are HBV carriers, with cases particularly concentrated in Asia and Africa. HCV
has infected around 100 million people and is the major causative agent of liver disease in the West,
with an estimated prevalence of HCV infection in the general U.S. population of around 12% (1,2).

The two infections have very different virological characteristics. HBV, a member of the
hepadnavirus family, is a DNA virus that uses a reverse transcriptase for replication from a
pregenomic RNA template. The genome of HBV is a circular partially double-stranded DNA mol-
ecule and the complete DNA strand is approximately 3200 nucleotides long, containing 4 open read-
ing frames encoding the viral envelope, nucleocapsid, polymerase, and X proteins (2).

Hepatitis C virus is a single-stranded RNA virus of positive polarity with a genome of 9500 nucle-
otides. It contains a large open reading frame encoding a precursor polyprotein of approximately
3000 amino acids, which is processed to produce structural proteins (core and envelopes 1 and 2) and
at least 6 nonstructural proteins (NS2, NS3, NS4A, NS4B, NS5BA, NS5B). HCV shows a similar
genetic organization to the flaviviridae and shares some sequence homology with members of this
family (3,4).

Despite these differences in genetic organization and replication, both viruses are preferentially
hepatotropic, not directly cytopathic, and elicit liver diseases that share a similar natural history. In
both infections, disease severity varies greatly from person to person. In some subjects, the immune
system is able to completely control infection and clear the virus from the bloodstream either without
clinically evident liver disease or with an acute inflammation of the liver (acute hepatitis) that usually
resolves without long-term clinical sequelae. Other patients fail to clear the virus and, instead, de-
velop chronic infection. It has been calculated that around 15–25% of subjects infected with HCV
will overcome the virus and the remaining 75–85% will develop a chronic infection (1). The rate of
HBV chronicity has been estimated to be lower, with less than 10% of adult subjects unable to con-
trol the virus after acute infection (5). However, such estimates do not take into account the fact that
most acute HBV and HCV infections are clinically inapparent and also that virus-specific antibody,
used to calculate the number of infected people, could have different rates of disappearance in the
two infections (6). Most patients with chronic HBV or HCV infection do not develop symptoms or
life-threatening liver disease, but about 10–20% can develop liver cirrhosis and 1–5% develop a liver
cancer called hepatocarcinoma.
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In addition to their similar profiles of clinical manifestations, both infections are characterized by a
central role for the immune system in the control of virus and in the pathogenesis of liver damage. In
both infections, the ability to mount efficient helper and cytotoxic responses seems to be critical in the
clearance of virus from the bloodstream (reviewed in refs. 5 and 7–9). Furthermore, because neither
virus is directly cytopathic, the immune system, specifically cytotoxic T-cells, have been implicated
not only as the mediators of protection but also as the principal effectors of liver damage (10).

Because most of the functions of the immune system are regulated and mediated by cytokines
(11), it is clear that these low-molecular-weight proteins will be involved in several aspects of the
pathogenesis of HBV and HCV infection. Three different aspects of the interactions between
cytokines and hepatitis viruses will be covered in this chapter:

First, direct cytokine-mediated inhibition of viral replication and the strategies that HCV and HBV
have evolved to escape these antiviral effects will be reviewed. Cytokines will then be reviewed in
the context of their regulation of the immune system and, therefore, in shaping the antiviral immune
response against HBV and HCV. Finally, evidence for the role of different cytokines in mediating
liver damage directly will be discussed.

1.1. Direct Antiviral Effect of Cytokines
The best characterized cytokines with known direct antiviral functions are interferon (IFN)-α and

IFN-β (type I IFNs), tumor necrosis factor (TNF)-α, and IFN-γ (12). Over 30 genes have been shown
to be activated in a cell by IFN-α/β (13,14) and the recent advent of oligonucleotide arrays has
enabled the identification of many new type I IFN-inducible genes (15). The best characterized IFN-
I-induced gene products able to produce a cellular antiviral state are the (11) (2'–5') oligoadenylate
synthetase, Mx proteins, and double-stranded RNA-activated protein kinase (PKR) (12,14,16). (2'–
5') oligoadenylate synthetase seems to exert antiviral activity by the production of a cellular RNAase
that degrades viral transcripts, whereas Mxa protein is able to inhibit viral replication by binding to
viral ribonucleoprotein complexes (17). Host cell protein synthesis is inhibited by PKR, consequently
blocking viral replication.

The antiviral pathways elicited by TNF-α and IFN-γ overlap with those activated by IFN-α and
IFN-β (12). TNF-α is a weak antiviral cytokine alone, but is synergistic with IFNs. IFN-γ is also a
strong inducer of nitric oxide synthase, which mediates an antiviral effect by modifying a number of
molecules essential for replication (18).

1.2. Early Production of Cytokines During Natural HBV and HCV Infection
One of the first defense mechanisms that an infected host is able to mount against viral infections

is the production of IFN-α and IFN-β. These cytokines reach very high levels immediately after viral
infection and were originally identified as antiviral proteins, even though they also have important
immunomodulatory effects. The importance of the IFN-α/β pathway in the early stage of viral infec-
tion has been deduced primarily from cell culture systems or experimental infections in mice (12). To
date, there is no in vitro culture system able to sustain infection and replication of HBV or HCV
(5,19), and it is, therefore, impossible to test directly whether these viruses are strong or weak induc-
ers of cytokines of the innate immune system (IFN-I and TNF-α). Furthermore, the only available
animal model of HBV and HCV is the chimpanzee, where these early events of the immune response
are difficult to study. Given these limitations, the picture of the early production of cytokines after
infection, derived from human studies, is still controversial.

In one study, expression of type I interferon-induced MxA protein was studied as a marker of IFN-
α and IFN-β production in subjects with acute hepatitis A, B, and C. Mx-A protein levels were found
to be raised in hepatitis A but not in HBV- or HCV-infected subjects in this study, suggesting that
HBV and HCV are poor interferon inducers (20). However, in a different study, patients with acute
HBV infection were found to harbor large quantities of IFN-α producing cells within the liver (21).
One limitation of these studies is that patients are usually studied after the onset of clinical symp-
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toms. Studies in chimpanzees (22) and humans (23) have shown that, at least in HBV infection, virus
clearance is already almost complete at this stage. Therefore, it is very unlikely that investigations
performed in symptomatic hepatitis patients have been able to detect the real early events of the
innate immune response such as IFN-α and IFN-β production.

A large number of studies have analyzed activation of innate antiviral pathways in chronically
infected patients (see Table 1). Enhanced expression of IFN-α and IFN-β-regulated genes has been
shown in chronic HCV infection (25). However, a direct analysis of type I interferon mRNA from liver
and peripheral blood of chronic HCV patients showed an increase only in mRNA for IFN-β not IFN-α
(24). Despite the presence of IFN-α producing cells within the infected liver (21,36), patients with
chronic HBV seem to exhibit weaker hepatic activation of IFN-α and IFN-β-regulated genes (26,27)
than that found in HCV infected subjects (25). In fact, intrahepatic levels of IFN-α and IFN-β in chronic
HBV infection have been reported to be identical to levels present within normal livers (24).

These data are in agreement with initial reports showing low levels of interferon in the serum of
patients with chronic HBV (37,38) and could be explained by the ability of HBV to inhibit IFN-β
production (39) and block the activation of IFN-α mediated pathways. This inhibition has been
explained by the ability of the carboxy-terminal portion of the HBV core antigen to bind to particular
DNA sequences in the regulatory elements of IFN-α (39). Furthermore, expression of the terminal
part of HBV polymerase protein in transfected human cells has been shown to block IFN pathways
(40) and could explain the lower activation of IFN-inducible genes in HBV-compared to HCV-
infected patients (25). Therefore, even though we are not yet able to depict precisely the dynamics
and relative quantities of IFN-α and IFN-β production during HBV and HCV infection, the data
generated in humans seem to support a quantitative difference, with a more pronounced activation of
the type I IFN system in HCV-infected livers in comparison with HBV-infected livers.

Other cytokines with direct antiviral effects produced during natural infections are TNF-α and
IFN-γ. TNF-α could be produced in the first stage of infection by activated monocytes and lympho-
cytes, whereas IFN-γ is the classical antiviral cytokine produced by the lymphocytes of the adaptive
immune system, and its contribution to early events is restricted to production by NK cells (12,16).
Production of TNF-α has been observed during HBV (28,41) and HCV infection (29,30) but because
of its weak direct antiviral effect and ability to cause direct cell damage, its has been associated more
with the pathogenesis of liver damage. Therefore, this cytokine will be discussed more extensively in
the section dedicated to liver injury.

Interferon-γ, in addition to mediating various immunomodulatory functions (discussed below), is
the most important antiviral cytokine produced by the cells of the adaptive immune system: helper
(CD4) and cytotoxic (CD8) T-lymphocytes (42,43). Antigen-specific T-cells with direct antiviral
activity are able to produce IFN-γ (and are defined as having a T-helper or cytotoxic profile type 1 or
0 of cytokine production), whereas cells that do not produce IFN-γ do not have direct antiviral effect
(and are defined as having a type 2 cytokine profile) (44). During infection with HBV or HCV, the
ability to mount a helper (45–49) and cytotoxic T-cell response with a type 1 profile of cytokine produc-
tion has been linked with successful containment of both infections (reviewed in refs. 7–9 and 50).

Table 1
Cytokines Production and Activation of Cytokines Related Genes

Chronic HBV infection Chronic HCV infection
Cytokine level Inducible genes Cytokine level Inducible genes

IFN-α ↓mRNA (24) ↓activation (24–27) ↓mRNA (24) ↑activation (25)
IFN-β ↓mRNA (24) Weak activation (25) ↑mRNA (24) ↑activation (25)
TNF-α ↑production (28) — ↑production (29,30) —
IFN-γ Preferential Th0 (31,32) ↓activation (25) Preferential Th1 (31,33) ↑activation (25,34,35)
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T-Helper cells specific for HBV nucleocapsid antigen and able to produce IFN-γ have been
observed in patients able to resolve acute HBV infection (23,49,51). Cytotoxic T-cells present in
these subjects are able to produce IFN-γ (52,53), and control of HBV viremia in chronically infected
patients is also associated with the ability to expand IFN-γ-producing CD8 cells after recognition of
HBV antigens (54). A similar profile of CD4 (48,55) and CD8 cells (56,57) producing IFN-γ after
stimulation with peptides representing HCV epitopes has been observed in patients recovering from
acute HCV infection. Conversely, activation of an HCV-specific CD4 response with a type 2 profile
of cytokine production seems to play a role in the development of HCV chronicity (58). Therefore, a
large body of work indicates that high levels of IFN-γ are produced selectively by virus-specific T-
cells in association with control of HBV and HCV. The quantity of these IFN-γ-producing cells, or
their ability to expand promptly after antigen-specific encounter, seems to be reduced in chronic
HBV and HCV infection (reviewed in refs. 7–9 and 50). Whether this is the cause or effect of chro-
nicity still needs to be determined.

1.3. Are Cytokines Able to Inhibit HBV and HCV Replication?
What are the relative sensitivities of HBV and HCV viruses to the antiviral effects of cytokines?

Have these viruses developed specific mechanisms to counteract cytokine-mediated antiviral effects?
A precise answer to these questions would need, as for the analysis of cytokine production, a reliable
in vitro culture system or a well-characterized animal model, both of which are currently still lacking.
However, the transgenic mouse model of HBV infection developed in the laboratory of Frank Chisari,
has highlighted some peculiar features of the effect of cytokines on HBV and has suggested that these
effects could be shared by other viruses that choose hepatocytes as their target cell. In this transgenic
mouse model of HBV infection, it has been extensively demonstrated that the intrahepatic induction
of IFN-α/β, TNF-α, and IFN-γ downregulates HBV replication (59). Treatment of HBV transgenic
mice with a potent inducer of the type I IFN system clears HBV replicative intermediates from the
hepatocyte cytoplasm (60). Furthermore, infection of transgenic mice with unrelated hepatotropic
viruses is able to inhibit HBV replication by IFN-α/β-dependent mechanisms (60–62). Inhibition of
HBV replication could also be achieved by injection of HBV-specific cytotoxic T-lymphocytes, me-
diated by the secretion of IFN-γ and TNF-α (63). In addition to inhibiting viral replication, this model
has shown that cytokines are able to selectively degrade replicating HBV genomes, thereby clearing
the virus without the absolute need for destruction of infected cells (64).

Interestingly, clearance of a large proportion of HBV from the liver occurs before the peak of
acute liver disease in chimpanzees, demonstrating that noncytopathic antiviral pathways contribute
to viral control in an animal model closely related to the human disease (22). A further hint that
cytokine-mediated inhibition of HBV replication is operative during human HBV infection comes
from results obtained in patients studied before the onset of acute hepatitis (23). In these subjects, the
fall in serum HBV-DNA is not proportional to the level of liver damage, suggesting that inhibition of
HBV replication without destruction of infected cells is a central mechanism of control. This
noncytopathic mechanism of viral clearance is not peculiar to HBV. Effective clearance of duck
HBV (65) and woodchuck hepatitis virus (66), both hepadnavirus viruses, have also been shown to
occur without massive liver lysis. Furthermore, control of murine cytomegalovirus (CMV) infection
(67) and Listeria monocytogenes (68) in the liver seem to be primarily mediated by IFN-γ production
rather than perforin-dependent pathways. Lymphochoriomeningitis virus (LCMV) is also cleared
from hepatocytes by noncytopathic mechanisms that are not operative in nonparenchymal cells or
splenocytes (69).

The possibility that divergent cytokine-mediated antiviral pathways are activated in different cell
types has been recently studied by microarray analysis, showing that IFN-γ regulates distinct sets of
genes in macrophages and fibroblasts (70). Furthermore, the observation that the IFN-γ and TNF-α-
induced downregulation of HBV expression is mediated by a novel RNA-binding protein called LA
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(71,72) suggests that this may be a cytokine-mediated antiviral mechanism peculiar to hepatocytes.
The potential cell-type specificity of cytokine-induced antiviral mechanisms is a field that remains to
be fully evaluated, which could have implications for the strategies that HBV and HCV may have
evolved to persist in the infected host. However, the work in the transgenic mouse model of HBV
(59) and in chimpanzees (22) suggests that HBV may be particularly sensitive to antiviral effects
activated by high levels of cytokines in hepatocytes. This idea is reinforced by the finding of high
frequencies of HBV-specific CD8 cells in the liver of patients controlling HBV replication without
signs of liver pathology (54). These human data support the idea that antiviral cytotoxic T lympho-
cytes (CTLs) could inhibit HBV replication by noncytopathic cytokine-mediated mechanisms.

We do not know whether HCV has the same susceptibility as HBV to the antiviral pathways
activated in hepatocytes by cytokines. Control of HCV infection has been associated with the pres-
ence of a multispecific CTLs response in chimpanzees and CTL have been found in the liver without
any sign of liver disease (73). However, it is not clear whether these virus-specific CTLs suppress
HCV by cytokine-mediated mechanisms or by specific lysis of infected cells. Furthermore, the per-
sistence of HCV in the face of strong activation of classical IFN-γ mediated pathways (25) and the
poor response to IFN-α therapy (74) suggest that HCV, or some specific subtypes, may not be as
sensitive as HBV to intracellular IFN-mediated antiviral pathways.

It has been observed that patients infected with different genotypes of HCV have variable response
rates to IFN-α treatment (74). In particular, the number of mutations in the carboxy-terminal region
of the NS5A gene (between amino acids 2209 and 2248), termed the “interferon-sensitivity deter-
mining region” (ISDR), seems to correlate with response to treatment (75,76). This observation has
stimulated work to elucidate the function of this nonstructural region of HCV and has led to the
recognition that NS5A can bind and inhibit one of the classical genes induced by IFNs, the double-
stranded RNA-activated protein-kinase (PKR) (77). However this property is not exclusive to the
NS5A region (see Fig. 1), having also been seen with the envelope protein E2, particularly in HCV
genotype 1 (78). In HCV genotype 1, the virus strain most resistant to IFN-α therapy, the E2 protein
contains a 12-amino-acid sequence similar to the phosphorylation site of PKR that is able to inhibit
the kinase activity of PKR, thereby blocking its inhibitory effect on protein synthesis. This inhibition
could account for the resistance of patients infected with genotypes 1 to IFN-α treatment, but not for
those infected with genotypes 2 and 3. It is possible that the combined interaction of NS5A and E2
with PKR constitute one important strategy, in addition to others (79), that allows HCV to circum-
vent the antiviral effect of interferons, thus perhaps partly accounting for its ability to persist in the
infected host.

It is interesting to note, however, that all of these studies have been quite controversial (80,81).
The presence of mutations in the ISDR of NS5A that should increase their sensitivity to IFN-α-
mediated inhibition have not been confirmed in non-Japanese patients responding to IFN treatment
(82). Similarly, a lack of correlation between resistance to IFN treatment and the presence of PKR-
inhibitory activity in the HCV E2 sequence has also been found in other groups of patients (81). This
apparent controversy can be reconciled with the idea that HCV and HBV may have developed, dur-
ing their coevolution with human populations, several different properties to increase their chances
of resisting the antiviral effects of cytokines. However, because IFNs can stimulate multiple alterna-
tive antiviral pathways (70), it is highly likely that the inhibition of specific IFN-activated antiviral
pathways by HCV proteins will not be absolute, but will only increase the chance of persistence. The
fact that antiviral cytokines can also stimulate different intracellular pathways according to cell type
adds further complexity to this system. Because HCV seems capable of infecting extrahepatic sites, it
might escape the activation of the IFN system simply by changing its host cell type to one in which
different pathways of virus inhibition operate and blocking mechanisms may be more active. It is
clear that this scenario is purely speculative at the moment, but it stresses the importance of develop-
ing a cell culture system or small-animal model where such possibilities can be tested.
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2. CYTOKINES AND REGULATION OF HOST RESPONSE
DURING VIRAL HEPATITIS

Cytokines are an essential component of the antiviral immune response not only because they
possess direct antiviral effects but also because of their important immunoregulatory role in the adap-
tive immune response. During infection with HBV and HCV, several lines of evidence indicate that
a key component of the adaptive immune response able to control these viruses is the profound
expansion of IFN-γ-producing CD4 and CD8 cells (Th1 and Tc1 response). The cytokines that have
the potential to promote the initial development of this adaptive immune response are interleukin
(IL)-12, IFN-α, and IFN-β (12). IL-12 has been proposed to be the dominant cytokine inducing Th1
responses (83), but it is not induced by all viruses, and IL-12-independent T-cell IFN-γ responses
have been observed (84,85). Recent detailed analysis during LCMV infection has shown that IFN-α/
β production are also able to promote IFN-γ production by T-cells. In this mouse model of virus
infection, two divergent patterns can be observed: One where IFN-γ production by CD8 cells is
dependent on IFN-α and IFN-β production but completely IL-12 independent; a second where, in the
absence of class I interferons, IL-12 is produced and the IFN-γ-producing T-cell response develops
equally successfully (86).

The data on HBV and HCV infections indirectly support the possibility that both pathways could
be active. The higher production of IFN-α and IFN-β found in HCV chronic infection could explain
the prominent T-helper-1 cytokine profile that characterizes the intrahepatic environment of HCV-
infected livers. In livers infected with HCV, the majority of liver-infiltrating T-cells produce IFN- γ
but not IL-4 or IL-5 (31), and IFN-γ mRNA is upregulated, whereas IL-4 mRNA and IL-10 mRNA
are found inconsistently (33). Moreover, high levels of the chemokine IP-10, which is upregulated by
IFN-γ production, have been found in the serum (34) and the liver of chronic hepatitis C patients
(25,34,35). All of these data show that an adaptive immune response preferentially producing IFN-γ
is present during HCV infection, probably promoted by the high levels of type I interferons in these
patients. Although we do not have direct data on the production and influence of IL-12 in HCV
infection, it is likely that this cytokine does not play a major role in shaping the HCV-specific adap-

Fig. 1. Location of interferon-sensitivity determining regions (ISDR) within HCV genome.
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tive immune response. Indirect support for this speculation comes from the poor response of chronic
hepatitis C patients to treatment with IL-12 (87).

In contrast, IL-12-dependent induction of a Th1 response has been observed during HBV infec-
tion. Serum levels of IL-12 are higher in chronic asymptomatic HBV carriers than in uninfected
subjects. Furthermore, increased levels of serum IL-12 are associated with control of high-level HBV
replication, HBeAg seroconversion, and increases in serum Th1-cytokines (88). Therefore, it is likely
that IL-12 is active in the maturation of the HBV-specific adaptive immune response. Theoretically,
this production could compensate for the defective influence exerted on the maturation of the adap-
tive immune response by the low levels of IFN-α and IFN-β usually present in chronic HBV patients.
However, in patients with high levels of HBV replication, neither IL-12 nor IFN-α/β seem able to
promote the complete maturation of a Th1-like-adaptive immune response, as observed in subjects
with chronic HCV infection. Evidence for the presence of an adaptive immune response with ele-
ments of a Th2-type maturation derives from a number of studies. The isotype of the anti-HBV-
specific antibody response present in patients with chronic HBV infection with high levels of virus
replication is consistent with the presence of a Th2-type response (32). Moreover, the cytokine envi-
ronment in chronically HBV-infected liver has a Th2 bias, because a high proportion of non-HBV-
specific liver infiltrating lymphocytes (CD4 as well CD8) produce low levels of IFN-γ but high levels
of IL-4 and IL-5 (31). Defects in the production of IFN-α and IFN-β or of IL-12 could cause these
findings, but virological factors, secreted during HBV replication, have also been shown to have
profound immunomodulatory functions.

During its replicative stage, HBV produces a secretory form of the nucleocapsid antigen called
HBeAg that is not necessary for replication or infection (89,90), but could modulate the development
of the HBV-specific T-cell response. Experiments in transgenic mice have shown that HBeAg, in
contrast to the nonsecretory HBcAg, stimulates a Th2-like response (91). This ability to preferen-
tially induce a Th2-like T-cell response could represent one important strategy that HBV has adopted
to increase its chances of survival. For example, it has been demonstrated that HBeAg can cross the
placenta and act as a “partial tolerogen” in newborn mice, resulting in the persistence of only HBeAg-
specific cells of Th2 type (92,93). Thus, the chronicity of HBV infection resulting from the vertical
transmission of virus from mother to baby could be the consequence of a predominant HBeAg-spe-
cific Th2 response. By contrast, in the acute resolving hepatitis B of adults, the balance is toward the
development of an HBcAg-specific Th1 response, acting to resolve the infection (49,94).

The Th1-like cells are able to inhibit viral replication through the secretion of IFN-γ and TNF-α,
but these cytokines could also exacerbate the level of liver injury. In contrast, Th2 cytokines are
classical anti-inflammatory cytokines and have been shown to increase antiapoptotic proteins, pro-
moting target cell survival (95). Therefore, during natural HBV infection, the balance between the
induction of Th1 and Th2 cytokines may influence not only the ability to control the virus but also the
degree of liver injury. Loss of HBeAg antigen during chronic HBV infection is often associated with
an exacerbation of liver injury (96), and acute infection with HBeAg negative HBV mutants has been
associated with fulminant hepatitis (97–99). It is possible that these scenarios are the result of the
lack of HBeAg-specific Th2-like cells that can potentially modulate and inhibit the HBcAg-specific
Th1-like response. It is important to note that the influence of the secretory HBeAg in the maturation
of a Th2-like T-cell response is not absolute, but can be modulated by the genetic background of the
host or by IFN-α and IL-12. For example, treatment of HBeAg transgenic mice with IFN-α (91) or
IL-12 (100) is capable of skewing the HBeAg-Th2 cells toward the Th1 subset.

Thus, the lack of an efficient IFN-γ-producing T-cell response during persistent HBV infection is
multifactorial. It might depend not only on the relative balance of HBeAg/HBcAg production but
also on the secretion of immunomodulatory cytokines. In conclusion, the data in the HBV system
reinforce the importance of the secretion of early cytokines such as IFN-α/β and IL-12 in the promo-
tion and maturation of an efficient antiviral adaptive immune response, despite the presence of viral
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factors with immunomodulatory features. Furthermore, the observation that the Th1–Th2 balance
can be modified by IFN-α and IL-12 in mice may have important implications for treatment of pa-
tients with chronic HBV infection with new immunotherapeutic strategies. If the aim of the future
therapy for chronic viral infection is to be the reconstitution of an immune response with features
similar to that present in subjects controlling infection, it will be important to consider the cytokine
milieu in which the initial priming of the adaptive immune response takes place.

3. CYTOKINES AND LIVER DAMAGE

In addition to their direct antiviral effect and ability to immunomodulate the adaptive immune
response, cytokines are likely to play an essential role in the pathogenesis of liver damage during
HBV and HCV infection. Because neither virus is directly cytopathic, cytotoxic T-cells have been
implicated not only as the mediators of protection but also as the principal effectors of liver damage.
It has always been hypothesized that recognition of HBV- and HCV-infected hepatocytes by antigen-
specific human leukocyte antigen (HLA) class I-restricted CTL is the principal event determining the
intensity of liver damage (see reviews in refs. 5,7,8, and 50).

Information about this process is scarce, because the study of intrahepatic antigen-specific T-cells
has been hampered by the difficulty in obtaining adequate cell numbers from liver biopsies. A new
technique for direct evaluation of the quantity of virus-specific CD8 cells (101) has provided the
opportunity to investigate in more detail the relationship between HBV- and HCV-specific T-cells and
liver damage in humans. These new data, in addition to the demonstration that CTLs can clear virus-
infected hepatocytes using noncytopathic mechanisms, have challenged the idea that liver damage is
proportional to the quantity of virus-specific CTLs (10). For example, during HCV infection of chim-
panzees, animals able to clear the infection possess intrahepatic cytotoxic T-cells specific for several
different HCV epitopes, in contrast to weaker responses found in animals developing chronic infection
(73). However, cytotoxic assays performed with CD8+ cells directly isolated from the liver showed
HCV-specific cytotoxic activity that did not correlate with the level of liver damage. High levels of
cytotoxic activity were demonstrable in animals with normal levels of alanine transaminase (ALT, a
marker of liver cell damage), whereas ALT levels indicative of extensive liver damage were found in
chimpanzees with no detectable intrahepatic CTL activity. HCV-specific CTL activity was found in a
histologically and biochemically normal liver more than 1 yr after resolution of infection (73).

Similar results were found during infection in man, where the quantity of HBV-specific CTL did
not seem to be proportional to the extent of liver damage. Chronic-HBV-infected patients lacking
evidence of liver damage but controlling HBV replication had functionally active HBV-specific CD8
cells both in the circulation and in the liver (54), and lower frequencies of virus-specific CTLs were
usually found in patients with liver disease as a result of HBV (54) or HCV (102). These results
strongly suggest that the bulk of intrahepatic CD8 cells are non-antigen-specific during active liver
damage. A low frequency of antigen-specific cells is also likely to be present in the CD4 T-cell
compartment, although equivalent ex vivo data are not yet available. No HBV- or HCV-specific CD4
cells were found after antigen-specific analysis of a large panel of clones derived from intrahepatic
T-cells (31), and when HCV-specific CD4 cells have been identified, they have only been isolated
from a minority of patients analyzed (103). These data therefore indicate that the quantity of virus-
specific cells does not appear to be the only variable directly determining the extent of virus-induced
liver pathology (see Fig. 2). Others mechanisms must be implicated and it is likely that cytokines,
secreted by the large infiltrate of antigen nonspecific mononuclear cells, contribute to the chronic
hepatic damage.

The importance of non-antigen-specific recruitment and cytokines in the pathogenesis of acute
liver damage has been shown in a transgenic mouse model of fulminant hepatitis (104) and in the
concanavalin A-induced model of hepatitis (105–107). In the HBsAg-transgenic mouse model, ful-
minant hepatitis is initiated by the injection of a large quantity of CTL clones specific for HBsAg.
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Fig. 2. Schematic model of liver inflammation following virus infection: recruitment of non-antigen-specific
cells triggered by virus-specific  CD8+ T cells.

Initially CTL clones trigger apoptosis of HbsAg-positive hepatocytes, but the destructive phenom-
enon that causes liver failure is the recruitment of large numbers of activated cells, mostly macroph-
ages, that induce a delayed-type hypersensitivity reaction. This process is blocked by the injection of
antibodies against IFN-γ (104). In the concanavalin A-induced model of hepatitis, the development
of hepatocyte injury seems to depend on TNF-α as well as IFN-γ, because neutralizing antibodies to
either cytokine protect mice from liver failure (105–108). Accordingly, high levels of TNF-α have
been associated with the development of acute liver failure (109) and raised levels of TNF-α have
been shown in chronic hepatitis C (29,30) and B infections (110). However, analysis of mRNA tran-
scripts in the liver of chronic hepatitis C patients did not find any relationship between TNF-α values
and the activity of liver disease (30).

Therefore, it is likely that hepatic damage is regulated and induced by more complex interactions
between different cytokines. Other cytokines could also be involved: IL-18, secreted by activated
macrophages, has, for example, a critical role in Fas-ligand-induced liver injury (111). Soluble Fas
ligand can be secreted by activated T-cells (112) and appears to stimulate IL-18 secretion from mac-
rophages previously activated by IFN-γ (111). IL-18 is a potent inducer of IFN-γ secretion (113) and
augments the cytotoxic activities of NK and NK T-cells resident in the liver (114). Therefore, liver
damage during hepatitis could be triggered by virus-specific CD8 cells but caused by activated non-
antigen specific cells (see Fig. 2). HBV and HCV-virus specific CD8 cells are capable of secreting
IFN-γ and TNF-α and expressing Fas-L on their surface (54,115–117). These cytokines and soluble
molecules are not only able to control viral infections but could also trigger inflammatory phenom-
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ena, as observed in the different murine models of liver damage. It is possible that when virus-spe-
cific CTLs are faced by a quantity of virus that exceeds a certain threshold, they not only selectively
lyse and/or inhibit viral replication in the infected cells but also potentially activate a cascade of
events leading to liver damage.

This fine balance between infectious dose of virus and quantity of virus-specific CTLs has been
explored in a mouse model of influenza virus infection (118). In this experimental model, the same
quantity of virus-specific CTLs could either promote virus clearance without any pathology or cause a
lethal lung disease. The variable was the infectious dose of virus, and when the virus exceeded the
clearance capacity of the virus-specific CTLs, lung pathology resulted. Interestingly, treatment with
anti-IFN-γ antibody prevented the recruitment of large numbers of activated non-antigen-specific cells.
IFN-γ seems to be central in most models of liver damage (104,106). Therefore, it should not only be
regarded as an anti-viral cytokine able to clear infection without causing liver damage (62). It can also
act as a typical proinflammatory cytokine, causing activation of macrophages (119), increased suscep-
tibility to TNF-mediated hepatic damage (120), and initiating the recruitment of T-cells (35,121,122),
NK cells (123), or NK T-cells (124) through the release of chemotactic cytokines. For example, IFN-
γ induces secretion of the chemokine IP-10, that is upregulated in HBV and HCV chronic liver disease
(25,34,35). In line with these effects, transgenic mice that constitutively produce IFN-γ in the liver
develop a form of chronic active hepatitis (125). In addition, progressive liver injury in HCV infection
correlates with high intrahepatic expression of Th1-type cytokines (33), as does the organ damage in
HLA-mismatched liver transplants (126).

Recruitment of activated cells to the liver could also amplify the lysis of hepatocytes by Fas-medi-
ated apoptosis. Activated cells express CD40L and engagement of the CD40 molecule constitutively
expressed on hepatocytes would amplify Fas-dependent hepatocyte death (127). Another mechanism
whereby cytokines could regulate the amount of cell damage mediated by apoptosis has been described
recently in autoimmune thyroid disease. Here, the destruction of thyrocytes during an inflammatory
response is dependent on the cytokines produced by infiltrating lymphocytes. Thyrocytes express Fas-
L in conditions of inflammation, but depending on whether Th1 or Th2 cytokines are produced, the
consequences of Fas-L interaction are very different. IFN-γ induces thyrocytes to undergo Fas–Fas-L-
mediated fratricide, whereas IL-4 produced by Th2 cells can cause upregulation of c-FLIP and Bcl-xl,
which increase the resistance of cells to apoptosis (128). It is therefore possible that the different
cytokine profiles of non-antigen-specific cells present in HBV or HCV chronic hepatitis could also
modulate the quantity of liver damage mediated by apoptosis. Apoptosis of liver cells has been shown
to be an important phenomenon during both acute and chronic hepatitis (129).

4. CONCLUSIONS

Cytokines are intimately involved in both the control and the pathogenesis of infection with the
noncytopathic, hepatotropic viruses HBV and HCV. The role of non-lytic cytokine-mediated effects
in the initial control of these viruses has been highlighted by recent studies of early events following
infection. However, there is an urgent need for in vitro systems or small-animal models allowing
better elucidation of the direct antiviral effects of cytokines in different cell types and of the escape
mechanisms that these viruses have undoubtedly evolved.

There is accumulating evidence for the immunomodulatory effects of cytokines on these virus
infections, where the balance between a Th1–Th2 response is critical in determining the degree of
control versus liver pathology. In HCV infection, the type I interferons are likely to play a prominent
part in promoting efficient IFN-γ production by cells of the adaptive immune response, whereas IL-
12 and a viral secretory protein (HBeAg) appear to be more important in determining the nature of
this response in HBV. In the future, it will be necessary to try to dissect the cytokine milieu associ-
ated with the initial priming of the adaptive immune response resulting in successful control of HBV
and HCV infection.
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The realization that antigen-specific CD8 cells can exert effective intrahepatic viral control with-
out damage has underlined that these cells only constitute the first step in a cascade of events result-
ing in liver pathology. It is interesting to note that the only value that correlates with the amount of
liver damage is the quantity of inflammatory infiltrate. T-cells may be activated by mechanisms
independent of T-cell-receptor engagement and this could explain how non-antigen-specific cells
might contribute through the secretion of cytokines. The relative significance of IFN-γ, TNF-α, IL-
18 and other molecules yet to be described could be clarified by new techniques allowing thorough
quantitative genomic and proteomic analysis of infected livers.
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Interferon-γ in the Treatment of Infectious Diseases

Steven M. Holland and John I. Gallin

1. INTRODUCTION

The interferons (IFNs) were identified and named for their interference with viral infections of
eukaryotic cells (1,2). They were divided into three categories, based on the predominant cells of
origin: leukocytes (now known collectively as IFN-α), fibroblasts (now known as IFN-β), and T-
cells (immune or IFN-γ). These interferons also had important differences in acid stability, molecular
size, and activity. IFN-α and IFN-β, and the similar IFN-ω, share similar biochemical properties,
gene proximity, induction, receptor, and signaling pathways and are collectively referred to as type I
interferons. In contrast, IFN-γ is quite distinct in many of these features and is referred to as a type II
interferon. However, all of the interferons have certain parts of the signaling pathways in common,
and they all interfere with viral replication.

All interferons share the same basic signal transduction approach: The IFN molecule binds to a
heterodimeric receptor on the cell surface, the polypeptide chains of which are constitutively associ-
ated with protein tyrosine kinase molecules of the Janus kinase family (3,4). These signaling mol-
ecules transphosphorylate each other, leading to tyrosine phosphorylation of the respective ligand
binding or α chains of the receptor. These phosphorylation steps lead to phosphorylation of the latent
signal transduction and activator of transcription molecules (STATs) that then combine in various
arrangements, and with other molecules translocate to the nucleus, and upregulate DNA transcription.

Among the most important molecules involved in the further refinement of intracellular signaling
are the interferon regulatory factors (IRFs). These are a growing family of related transcriptional
regulators that have DNA binding and protein–protein interacting domains and can act as activators
or inhibitors of downstream signaling (5).

2. IFN-γ
Although the discovery of the interferons was based on their role in viral infections, the over-

whelming majority of subsequent work on IFN-γ has shown that it is critical for defense against
intracellular infections, most notably those caused by mycobacteria, leishmania, and toxoplasmosis.

Interferon-γ is encoded by a single gene with three exons located on chromosome 12q14 in humans
and chromosome 10 in mouse. It is produced by lymphocytes (CD4+, CD8+, natural killer [NK]
cells) as well as macrophages and perhaps neutrophils (6) in response to interleukin (IL)-12 and IL-
18, among others (7,8). IFN-γ induces hundreds of genes, including its own inducers (9,10) as well as
enzymes important in the killing of intracellular organisms, including the ATP receptor P2X7 (11,12).
IFN-γ activates neutrophils and macrophages to produce superoxide and nitric oxide, increase sur-
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face display of major histocompatibility complex (MHC) antigens and Fc receptors, decrease lysoso-
mal pH, and increase the intracellular concentration of certain antibiotics (13,14). IFN-γ potently
upregulates MHC class 2 expression and has been implicated in the etiology of aplastic anemia (15).
However, the effects of IFN-γ, and its inducer IL-12 on bone marrow transplantation and graft versus
host disease (GVHD) are surprisingly salutary (16,17). IFN-γ is not needed for acute GVHD in ani-
mal models (18).

Aguet et al. (19) cloned the ligand-binding chain of the IFN-γ receptor, initially referred to as
IFNγRα, but now as IFNγR1. Bohni et al. (20) showed that this receptor was not species-specific in
its intracellular signaling (i.e., human receptors could use the intracellular signaling molecules of
murine cells), whereas the ligand–receptor interaction was species-limited (i.e., human and mouse
IFN-γ do not activate each other’s receptors). Hemmi et al. (21) and Soh et al. (22) identified an
accessory factor needed for IFN-γ signal transduction as IFN-γRβ, now IFN-γR2. These two chains
were shown to be necessary and sufficient for IFN-γ activation of cells, although there has been some
discussion of a possible third chain that more potently mediates antiviral activity (22). Bach et al.
(23) showed that IFN-γR2 is specifically downregulated in mature CD4 cells of either Th1 or Th2
phenotype, providing a means of desensitization of mature T-cells to IFN-γ through modulation of
the signaling chain.

Dighe et al. (24) created an autosomal dominant form of the IFN-γR1 by truncation of the intrac-
ellular domain of the molecule leading to unusual expression characteristics in murine cells. The
mutant molecule was overabundant on the cell surface and retained its IFN-γ binding activity although
it had lost its signaling capacity and receptor recycling motif. This led to a dominant negative inhibi-
tion of IFN-γ signaling.

Interferon-γ signals through a membrane-bound receptor composed of two chains, IFN-γR1 and
IFN-γR2 which are constitutively bound to their respective Janus kinases Jak1 and Jak2 (see Fig. 1).
On binding of homodimeric IFN-γ the Jaks reciprocally transphosphorylate leading to phosphoryla-
tion of the intracellular domain of IFN-γR1 at tyrosine 440 (Y440). This serves as a binding site for
the latent activator of signal transduction and transcription 1 (STAT1), which is, in turn, phosphory-
lated. Phosphorylated STAT1 (STAT1-P) homodimerizes, creating a complex that moves to the
nucleus and binds nuclear DNA at sites that contain γ activation sequences (GAS) (14,25,26).

3. ANIMAL MODELS

The creation of IFN-γ deficient (27), IFN-γR1-deficient (28), and IFN-γR2-deficient (29) mice
allowed precise exploration of IFN-γ in mouse innate and acquired immunity. Enhanced susceptibil-
ity to  Mycobacterium (M). bovis presaged the discovery of the critical roles of IFN-γ in protection
against mycobacteria. IFN-γ was also shown to have important roles in the activity of NK cells and in
the control of cellular proliferation. The remarkable similarities of IFN-γ deficient, IFN-γR1-defi-
cient, and IFN-γR2-deficient mice suggested that the IFN-γR and its ligand are relatively mutually
monogamous and control a large number of host innate and acquired immune responses. However,
neither IFN-γ nor its receptor components are required for normal growth, development, generation
of delayed-type hypersensitivity, or protection from normal flora under normal conditions. There-
fore, IFN-γ (as well as IFN-α and IFN-β) is a cytokine whose function is most readily apparent in the
setting of infection. In contrast, some of the signaling molecules that they activate, most notably
Jak1, are absolutely required for normal development (30). During acute viral infection in mice IFN-
α inhibits IFN-γ production through a pathway that is dependent on the type 1 IFN receptor and is
STAT1 mediated (31). In addition, IFN-α inhibits IL-12-mediated IFN-γ production, at least in mice.

Dighe et al. (32) showed that IFN-γ responsiveness is necessary for tumor rejection. Expression of
an autosomal dominant (AD) negative IFN-γR1 (ADIFN-γR1) mutant impaired immune rejection of
a fibrosarcoma (Meth A) and overcame resistance in immune animals. Dighe et al. (33) also created
mice transgenic for ADIFN-γR1 mutants under specific promoters that targeted IFN-γ unresponsive-
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ness to specific compartments (mature macrophage or T-cell) by placing the construct under the
control of the human lysozyme or lck promoters, respectively. In animals with macrophages rendered
unresponsive to IFN-γ, susceptibility to listeriosis was enhanced, both in terms of mortality and mi-
crobial burden. This was not markedly augmented by wholesale neutralization of IFN-γ, suggesting
that the macrophage is the critical compartment for listeriacidal activity. In animals with the ADIFN-
γR1 construct under the lck promoter, the total numbers of T-cells and B-cells were normal, indicat-
ing that IFN-γ responsiveness is not needed for lymphoid development. However, functional
expression of the transgene was limited to the CD3+ T-cell compartment. When animals with T-cells
unresponsive to IFN-γ were challenged with Listeria, there was no difference between transgenics
and normals in terms of mortality or body burden of organisms. There was no skewing of Th pheno-
type in animals transgenic for CD3+ ADIFN-γR1, suggesting that the Th1 phenotype development is
not dependent on T-cell IFN-γ responsiveness. More relevant to Th1 development is IFN-γ enhance-
ment of IL-12 production. Muller et al. (34) and Van den Broek et al. (35) used type 1 and type 2
IFNR knockout animals to demonstrate that for vaccinia and Theiler’s viruses, both IFN systems are
essential and are functionally nonredundant. Whereas IFN-α and IFN-β are essential for early
response to viruses, IFN-γ is typically produced later in the course of the immune response and is
active against intracellular bacteria and parasites. In contrast to mice with defects affecting type 1
IFN or STAT1, which died very early after viral infection, Weck et al. (36) used the γ-herpesvirus 68
to show that IFN-γR-deficient mice had longer survival, depending on the age at which they were
inoculated. IFN-γR-deficient mice eventually cleared virus from their viscera, but they developed
large-vessel arteritis several weeks after inoculation, involving the entire thickness of the vessel,
whereas control animals had no mortality from virus and formed no arteritis.

Yap and Sher (37) showed important hematopoietic and parenchymal IFN-γR contributions to
immune function by the creation of reciprocal bone marrow chimeric mice. Whereas resistance to
Listeria required only hematopoietic IFN-γR expression, resistance to toxoplasmosis required
expression of the IFN-γR on both hematopoietic and somatic cells. This result shows a critical role in
host defense for nonhematopoietic cells. The anticipated curative effect of bone marrow transplanta-
tion for IFN-γR deficiency should be considered in the context of these findings, because even though
successfully transplanted patients will have normal leukocytes, they may still be at risk for infections
that require somatic contributions.

4. HUMAN POLYMORPHISMS

Tanaka et al. (38) studied a polymorphism in the signal peptide of IFN-γR1 (G88A, leading to the
conversion of amino acid 14 from Met to Val). They found significant overrepresentation of this
polymorphism in Japanese patients with systemic lupus erythematosus (SLE) compared to normals.
The presence of the polymorphism led to reduced human leukocyte antigen-DR (HLA-DR) expres-
sion in response to IFN-γ stimulation. The amino acid change occurs at the end of the signal peptide
and may therefore impede maturation of the receptor. However, subsequently, Nakashima et al. (39)
followed up this work on the IFN-γR1 by looking at another polymorphism seen in the IFN-γR2, as
reported in the initial article by Soh et al. (22). The IFN-γR2 polymorphism is an arginine to
glutamine change at amino acid 64 (Arg64Gln). This polymorphism carried no independent risk of
SLE, but when combined with the previously described polymorphism Val14Met in IFN-γR1, it
conferred an odds ratio for SLE of 9.6, compared to individuals bearing homozygous Val14 and
homozygous Arg64. Retrospectively, Nakashima et al. (39) also recognized that the effects previ-
ously ascribed to the Val14Met polymorphism in IFN-γR1 were only seen when that was associated
with the homozygous Gln64 polymorphism in IFN-γR2. Therefore, this is an example of a pheno-
type (increased risk of SLE) conferred only in the presence of a complex genotype (polymorphisms
in both IFN-γR1 and IFN-γR2). Whether this genotype has an infection-related phenotype as well
has not been determined.



334 Holland and Gallin

Multiple defects have been identified in the IFN-γR1 and IFN-γR2 (reviewed in Chapter 11 in this
volume and in ref. 26). These have, in general, been identified because of severe infections with
intracellular organisms such as nontuberculous mycobacteria and salmonella, but have also been
associated with severe viral infections as well (40).

5. IFN-γ THERAPY

In humans, IFN-γ has used for infectious and noninfectious diseases since the mid-1980s (see
Table 1). Nathan et al. (41) first demonstrated the ability of IFN-γ to upregulate the production of
superoxide by macrophages in vitro. IFN-γ produced the same upregulation of hydrogen peroxide
formation in patients with advanced malignancy (42). These seminal articles suggested that IFN-γ
has a critical role in host defense that is dependent on the NADPH oxidase, the cellular mechanism
that transfers an electron from NADPH to molecular oxygen, resulting in the superoxide anion and
the downstream metabolites hydrogen peroxide and bleach (43). The recognition that IFN-γ-induced
macrophage and neutrophil superoxide production led to experiments in patients with chronic granu-
lomatous disease (CGD), in whom the NADPH oxidase is genetically deficient. Certain CGD pa-
tients actually responded to IFN-γ in vitro with increased superoxide production and bacterial killing
(44–46). In addition, IFN-γ upregulated the expression of the X-linked gene involved in CGD,
gp91phox (47). Ezekowitz et al. (48) and Sechler et al. (45), showed partial correction of the superox-
ide production defect in CGD by in vivo administration of IFN-γ.

Schiff et al. (49) administered IFN-γ to normal volunteers and examined markers of cellular adhe-
sion, cellular activation, and opsonic potential. Neutrophil expression of the high-affinity Fc-γ-recep-
tor (FcγR1) peaked 48 h after IFN-γ treatment. Monocyte expression of Fc-γR1, Fc-γRII, Fc-γRIII,
CD11a, CD11b, CD18, and HLA-DR increased over the same time-course. Neutrophil phagocytosis
of opsonized killed bacteria was also enhanced due to upregulation of Fc-γRI. Lipopolysaccharide-
binding protein in serum also increased. These data proved that IFN-γ has broad effects on cellular
activation, trafficking, and opsonic activity, and these effects may underlie some of its benefits in
terms of innate immunity.

5.1. Route and Dose Considerations
Aulitzky et al. (50) studied longitudinal administration of IFN-γ to patients with renal cell carci-

noma. They looked at the downstream markers of IFN-γ activation β2 microglobulin and neopterin.
Using these two markers, they showed robust activation by IFNγ following the first dose, but there
was tachyphylaxis at high doses (500 µg) and daily administration. In contrast, alternate-day admin-
istration and lower dose levels (100 µg) retained responsiveness. These data were used to determine
the dosing regimens that were used in the CGD trial (50 µg/m2 subcutaneously three times weekly).
Subsequently, Ahlin et al. (51) examined the effects of 50 µg/m2 and 100 µg/m2 IFN-γ on neutrophil
responses in two small randomized groups of patients with CGD of several different genotypes.
Doses were given on two successive days and effects monitored over 18 d. There was modest induc-
tion of superoxide production in some patients in both groups, an increase in CD64 (Fc-γR1) expres-
sion that was somewhat dose dependent, and a modest increase in aspergillicidal activity that was
slightly greater at the higher dose than the lower one. Long-term therapy was not addressed.

Jaffe et al. (52) administered IFN-γ by aerosol to normal volunteers over a range of doses up to
1000 µg for up to 2 wk. They showed good tolerance of the drug and good local induction of mac-
rophage activation. Peripheral blood monocyte activation was not detected with aerosol administra-
tion, nor was there induction of interferon inducible protein 10 (IP-10), an IFN-γ responsive
chemokine. In contrast, systemically administered IFN-γ led to no induction of pulmonary macroph-
age IP-10. However, it is unclear whether this compartmentalization of immune response can be
extrapolated to patients with ongoing pulmonary inflammation or those receiving chronic therapy.
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Kuzmann et al. (53) found expansion of γδ T-cells in patients receiving the aminobisphosphonates
alendronate, ibandronate, and pamidronate, which in turn, led to a significant increase in IFN-γ produc-
tion in vitro. This may have unanticipated clinical implications for those being treated with these drugs.

6. CHRONIC GRANULOMATOUS DISEASE

The above observations in superoxide production led to an international, double-blinded, placebo
controlled trial of IFN-γ therapy as infection prophylaxis in CGD. This trial showed that IFN-γ re-
duced the number and severity of infections in CGD by about 70%, regardless of antibiotic prophy-
laxis or genetic subtype of CGD (54). However, this pivotal study did not show that the administration
of IFN-γ led to upregulation of superoxide formation in the recipients; that is, IFN-γ was clearly
effective in reducing infections in CGD, but the mechanism was not shown to be through the induc-
tion of superoxide or changes in the in vitro killing of bacteria. There was augmentation of in vitro
killing of aspergillus hyphae by CGD cells from patients treated with IFN-γ (55). Therefore, the
salutary effects of IFN-γ on infection susceptibility in CGD are likely independent of regulation of
the NADPH oxidase. Despite the absence of a cellular mechanism, IFN-γ was licensed in the United
States in 1991 for the prophylactic treatment of CGD. Long-term follow-up of patients who have
received over 10 yr of IFN-γ (50 µg/m2 subcutaneously three times weekly) has shown no unex-
pected toxicity or impairment of growth or development (56,57). These long-term IFN-γ safety data
include pediatric populations and suggest that long-term therapy is safe and well tolerated.

Studies of IFN-γ prophylaxis in CGD mice have confirmed the benefits seen in the human study
and the absence of superoxide production through NADPH oxidase, but have still not shed light on
the specific mechanism (58). Understanding this mechanism is still quite important, as it is the largest
patient population studied so far, and the same effect can be shown in mice and humans.

7. OSTEOPETROSIS

Osteopetrosis is a genetic disease in which bone becomes sclerotic, compromising bone marrow
space and cranial nerve foramina. Patients suffer from anemia, blindness, deafness, and recurrent
pathologic fractures. In addition, patients with osteopetrosis have recurrent infections and their neu-
trophils are partially defective in superoxide production, as evidenced by granulocyte–monocyte
colony-forming units (GM-CFUs) that are low producers of superoxide (as determined by nitroblue
tetrazolium [NBT] reduction). Osteoclasts are also thought to be low producers of superoxide as
well, which may be related to their failure to correctly remodel bone. Key et al. (59) showed that IFN-
γ increased bone resorption and superoxide production in humans with osteopetrosis. Treatment of
rat calvaria in vitro with parathyroid hormone (PTH) led to an increase in NBT staining and calcium

Table 1
Documented Uses of Interferon-γ in Infectious Diseases

Infection prophylaxis in chronic granulomatous disease*
Delay of disease progression in severe osteopetrosis*
Disseminated nontuberculous mycobacterial infection
Pulmonary nontuberculous mycobacterial infection (aerosol)
Pulmonary multidrug resistant tuberculosis (aerosol)
Visceral leishmaniasis
Diffuse cutaneous leishmaniasis
Lepromatous leprosy (high rate of ENL)

*Uses approved by the Food and Drug Administration of the United States. Doses are given in the relevant sections
of the text.



336 Holland and Gallin

release, an effect inhibited by desferal manganese, suggesting that superoxide is important in bone
resorption. Presumably the superoxide produced in bone is not from the NADPH oxidase, because
CGD patients who are NADPH oxidase deficient do not get osteopetrosis, pathologic fractures, or
severe anemia. IFN-γ was used in the treatment of osteopetrosis at the same dose as that used in
patients with CGD (50 µg/m2 subcutaneously three times weekly) (60,61). The study of IFN-γ for
osteopetrosis found that bone resorption was increased, the incidence of infections was markedly
decreased, GM-CFU NBT reduction was increased, the transfusion requirement diminished, and
growth increased. The drug was well tolerated. All patients experienced some fever, and two had
fever > 40°C. The severe fevers disappeared with reduction of the dose by 50%, and all patients
tolerated drug well after 6 mo of therapy. Osteopetrosis has been accepted as a licensed indication for
the use of IFN-γ in the United States.

8. TRAUMA AND BURNS

Because IFN-γ activates phagocytes to increased production of superoxide and general activation,
there has been interest in whether IFN-γ can reduce infection rates in the acutely ill. Hershmann et al.
(62) found cell surface HLA-DR, a marker of monocyte activation, significantly reduced in patients
with severe injury or trauma. This abnormality in HLA-DR display was corrected by incubation of
blood from injured patients in vitro with IFN-γ.

Polk et al. (63) administered either placebo or  100 µg IFN-γ subcutaneously daily for 10 d to 213
trauma patients at high risk for infection. IFN-γ significantly increased monocyte HLA-DR antigen
expression and outcome predictive score. Although there were fewer severe complications and fewer
deaths in the IFN-γ arm, these differences were not statistically significant. This tantalizing result
suggested that IFN-γ might be useful in patients with severe trauma, but required a larger and perhaps
differently structured trial to be proven.

Dries et al. (64) conducted a large multicenter, double-blinded, randomized controlled trial in 416
patients using a 21-d treatment arm. They found a significant benefit to IFN-γ treatment in terms of
the number of deaths resulting from infection, and deaths overall. However, this effect was domi-
nated by the results of one center, leaving the overall utility of IFN-γ in this setting unproven.

Kox et al. (65) treated 10 patients with sepsis or the systemic immune response syndrome (SIRS)
with 100 µg sc IFN-γ daily if they had <30% of monocytes expressing HLA-DR, and continued IFN-
γ until expression was >50% for three consecutive days. Eight patients responded within the first 24
h, and the remainder took 2–3 d. IFN-γ was associated with early rises in plasma tumor necrosis
factor (TNF)-α and IL-6 levels, but there was no clear effect on mortality or morbidity.

To explore the possible benefits of IFN-γ in prophylaxis in burns, Wasserman et al. (66) con-
ducted a randomized, double blind, placebo-controlled, phase III multicenter trial at 23 European
burn centers. They enrolled 216 patients with severe burns to receive either 100 µg IFN-γ subcutane-
ously daily for up to 90 d or placebo. They found no differences between the groups in terms of death,
infection rate, duration of intensive care stay, or overall hospitalization, or scar formation.

9. LEISHMANIASIS

Carvalho et al. (67) showed that active infection with visceral leishmaniasis suppressed cytokine
production. Whereas mitogen-stimulated IFN-γ production was normal in patients with active vis-
ceral leishmaniasis, IFN-γ production in response to Leishmania donovani antigen was absent during
the active disease, but normalized after successful chemotherapy. This suggested that restoration of
IFN-γ systemically during visceral leishmaniasis might be therapeutic. Murrray et al. (68) demon-
strated synergy of IFN-γ and sodium stibogluconate (Pentostam) in L. donovani-infected human
macrophages in vitro and in mice in vivo.

Badaro et al. (69) used IFN-γ plus pentostam in patients with visceral leishmaniasis who had been
refractory to pentostam alone. Six of eight patients with refractory visceral leishmaniasis responded
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to treatment with IFN-γ at doses of 100–400 µg/m2/d in addition to pentostam 20 mg/kg/d for 10–40
d. In addition, nine treatment-naïve patients with severe visceral leishmaniasis were treated, eight of
whom responded to treatment with IFN-γ plus pentostam. Responders had marked improvement in
anemia, leukopenia, weight gain, diminution in spleen size, and reduction in organisms in splenic
aspirates. No relapse or recurrence was seen in up to 8 mo. The major toxicity was fever. Badaro and
Johnson (70) later treated several South American patients successfully with diffuse cutaneous leish-
maniasis.

Sundar et al. (71) treated 15 Indian patients refractory to conventional therapy with 30 d of
pentostam and IFN-γ. In the remaining 13 patients, IFN-γ plus antimony treatment was associated
with daily fever but no other adverse reactions. Thirteen of the patients were cured; two patients
withdrew for intolerance and subsequently died.

Sundar et al. (72) went on to show that in previously untreated patients with visceral leishmania-
sis, IFN-γ plus antimonials dramatically shortened the time to parasitologic cure compared to anti-
monials alone (63% vs 10%, respectively, at 10 d). Further, they had 100% response in the
combined-therapy group, all of whom had durable cures. This was a higher level of response than in
the conventional monotherapy arm.

Sundar and Murray (73) tested IFN-γ monotherapy in visceral leishmaniasis in nine patients. After
20 d of IFN-γ therapy, four patients did not have parasitologic change. In the other five patients,
parasite loads in splenic aspirates declined about 75% but did not resolve completely. Therefore,
although IFN-γ induced some degree of clearing, it was unable to cure leishmaniasis as monotherapy.
Sundar et al. (74) showed equivalence of short-course (15-d) therapy with IFN-γ plus stibogluconate
to long-course combined therapy (30 d) and long-course conventional monotherapy with stibo-
gluconate (30 d).

In summary, active visceral leishmaniasis is associated with antigen-specific immune suppres-
sion, but the cells are still IFN-γ responsive. IFN-γ has a potent synergistic effect on therapy with
conventional antimonials, but is of relatively modest effect without concurrently administered
antiparasitics. The mechanisms involved in this activity are unclear, but increased intracellular con-
centration of antiparasitics may be important.

10. MYCOBACTERIAL INFECTIONS

Hypersusceptibility to nontuberculous mycobacterial infections in patients with mutations affect-
ing IFN-γ/IL-12 synthesis or response serves as human proof of concept for the central role of IFN-γ
and IL-12 in mycobacterial control. However, the mechanism(s) remain elusive (26).

Appelberg and Orme (75) showed that IFN-γ was mycobacteriostatic in mouse cells in vitro and
suggested that its main effect was to enhance acidification of mycobacteria-containing vesicles. Toxic
oxygen radicals were unnecessary for control of M. bovis infection in mouse bone marrow cells in
vitro (76). In mice lacking the NADPH oxidase (i.e., CGD mice) and hence unable to produce phago-
cyte superoxide in response to infection, there was no increased susceptibility to M. avium infection
compared to wild-type animals (77). For M. tuberculosis, the NADPH oxidase appears to be more
important for early but not late control of infection in the lung (78,79). In contrast, nitric oxide (NO)
is critically important for mycobacterial control in mice (77,78). Human cells are inconsistent in vitro
in terms of IFN-γ-activated mycobacterial killing: Some studies show IFN-γ mycobactericidal and
mycobacteriostatic activities (80) but others do not (81). In one study, IFN-γ enhanced the growth of
M. avium complex (MAC) in macrophages (82).

Interferon-γ knockout (KO) mice develop widespread tuberculosis with very poor granulomatous
response and die rapidly (83,84). Interestingly, parenterally administered IFN-γ failed to restore nor-
mal resistance to tuberculosis. It is still unclear whether this reflects a critical role for IFN-γ in immune
development, that systemically administered IFN-γ does not activate critical local defenses as well as
IFN-γ supplied by local T-cells or NK cells, or a dose effect in these kinds of animal experiments



338 Holland and Gallin

(83). Similar tuberculosis susceptibilities were seen in IFN-γR-deficient mice (85) and in mice lack-
ing the IFN-γ-induced interferon regulatory factor-1 (IRF-1) (86). Hypersusceptibility to MAC
infection was reported in IFN-γ-deficient mice (77). In wild-type mice infected with MAC, elevated
prostaglandin E2 production (an inhibitor of macrophage function) was successfully down regulated
by IFN-γ, leading to enhanced mycobacterial clearance (87).

Hussain et al. (88) found that soon after MAC infection of mice, macrophage levels of IFN-γR1
and IFN-γR2 begin to decline, followed by inhibition of the ability to activate STAT1. This, in turn,
led to the decrease of inducibility of many IFN-γ responsive genes (e.g., IRF-1) and a relative inabil-
ity of the cell to be activated to the antimycobacterial state. Ting et al. (89) showed that M. tubercu-
losis infection of human macrophages blocks certain distal effects of IFN-γ, including killing of
Toxoplasma gondii and induction of Fc-γRI. M. tuberculosis also inhibits the association of STAT1
with the transcriptional coactivators cAMP response element binding (CREB) protein and p300. Irra-
diated whole organisms, isolated cell walls, and, to a lesser degree, the cell wall component
lipoarabinomannan (LAM) have similar effects on live organisms. Therefore, in contrast to the case
using murine macrophages and MAC, in this human system, M. tuberculosis inhibits distal aspects of
IFN-γ signaling while leaving proximal processes (Jak-STAT interaction) intact.

10.1 Treatment of Mycobacterial Infections
Interferon-γ has been used as an adjuvant in the treatment of the three major human mycobacterial

infections: M. leprae, M. avium complex, and M. tuberculosis.

10.1.1. Mycobacterium leprae
Nathan et al. (90) first used short-course, low-dose, intradermal IFN-γ in the treatment of leproma-

tous leprosy (1–10 µg daily for 3 d) in conjunction with antimycobacterials. Monocyte hydrogen
peroxide production was enhanced, granuloma formation increased, local activation markers
upregulated, and the cutaneous bacterial burden decreased.

Sampaio et al. (91) used longer-term IFN-γ therapy (10 mo) in conjunction with antimyco-
bacterials, but noted a rate of erythema nodosum leprosum (ENL; a toxic inflammatory reaction in
leprosy that can lead to neuropathy or death) in IFN-γ recipients that was much higher than in those
receiving antimycobacterials alone (60% vs 17%, respectively). ENL correlated with TNF-α mes-
sage and protein in peripheral blood and mononuclear cells. Thalidomide, long used clinically in the
treatment of ENL, decreased TNF-α levels in cells and blood through what was thought to be desta-
bilization of TNF-α mRNA (93). When IFN-γ was given simultaneous with thalidomide and
antimycobacterial chemotherapy to patients with lepromatous leprosy, there was no increase in clear-
ance of infection over that observed with antimycobacterials alone (94). Therefore, thalidomide
appears to modulate the factors that underlie IFN-γ’s effect on mycobacterial clearance. On the other
hand, thalidomide blocked the development of ENL.

The fundamental causes of ENL are still unknown. It is clear that ENL is a response to the presence
of organisms and does not occur in leprosy patients treated to clearance of bacillary loads (93). ENL
has not been seen in the therapy of other mycobacterial diseases for which long-term IFN-γ has been
used, suggesting that ENL is leprosy-specific. Haslett et al. (94) have now shown that thalidomide
enhances CD8+ T-lymphocyte proliferation as well as IL-12 and IFN-γ production. Bekker et al. (94a)
used thalidomide in patients with tuberculosis and HIV and showed enhancement of antigen-specific
proliferative responses, preferentially through CD8+ T-lymphocytes. In contrast to the experience in
leprosy, the clinical trials in tuberculosis showed little, if any, effect of thalidomide on TNF-α levels,
leaving the mechanism by which thalidomide affects ENL unclear. However, there is no requirement
that the effect that thalidomide or IFN-γ has on one mycobacterial infection be mirrored in another
one. Just as the manifestations and clinical course of tuberculosis are quite different from leprosy, so
the effects of immunomodulating drugs may be quite divergent in the different diseases.

In the treatment of leprosy, IFN-γ only reduced bacterial load when combined with
antimycobacterials. When used alone (i.e., in the absence of associated antimycobacterials), it induced
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immunological changes (e.g., granulomata, hydrogen peroxide production) but did not significantly
affect clearing of the infection. Similar effects were seen with IFN-γ monotherapy of leishmaniasis
(73). Both IFN-γ and TNF-α significantly increase the intracellular concentration of the macrolide
antibiotic azithromycin, a mechanism that may be relevant for other antibiotics as well (95).

10.1.2. Mycobacterium avium Complex and Other Nontuberculous Mycobacteria
Squires et al. (96,97) were the first to use IFN-γ in the treatment of MAC infection. They treated

six MAC-bacteremic AIDS patients with IFN-γ with or without concurrent antimycobacterials for up
to 6 wk. In those patients who received IFN-γ plus antimycobacterials, there was a clear decline in
mycobacteremia, but when IFNγ was used without concurrent antimycobacterials there was no change
in bacterial counts. After discontinuation of IFN-γ, bacterial counts rebounded. These results were
independent of CD4+ T-lymphocyte counts, indicating that the IFN-γ therapeutic activity was not
significantly mediated by CD4+ T lymphocytes.

Holland et al. (98) used subcutaneous IFN-γ in the treatment of seven patients with treatment
refractory disseminated MAC infection who did not have HIV infection or known malignancies.
They found dramatic improvement in clinical condition, culture recovery of organisms, as well as
histopathologic and radiographic evidence of disease. This was correlated with low in vitro IFN-γ
production in response to the mitogen phytohemagglutinin (PHA). Importantly, this effect of IFN-γ
was independent of CD4+ T-lymphocyte counts, suggesting that exogenously administered IFN-γ is
able to overcome at least some of the defects associated with lymphocytopenia. The drug was well
tolerated, although some dose reductions were required. Subsequent experience of the same authors
in the treatment of refractory disseminated MAC infections in patients with intact IFN-γ receptors
has shown an overall cure rate of about 60% (unpublished data).

Patients with autosomal recessive, complete defects in the IFN-γR have been identified and re-
ported and there have been suggestions of IFN-γ benefit in some of these cases (99,100). However,
these benefits have not been demonstrable in vitro. In contrast, the patients with ADIFN-γR1 muta-
tions respond well to IFN-γ therapy (101). Patients with mutations in the IL-12 p40 gene (102) or the
IL-12Rβ1 chain (103,104) are also highly responsive to IFN-γ therapy, as would be expected. In
these patients, the IFN-γR pathways are intact, but because of the lack of IL-12-driven IFN-γ produc-
tion, the IFN-γ receptor is understimulated (105). For patients with known or suspected mutations in
the IFN-γ receptors, the advisability of IFN-γ therapy depends on whether the specific mutation is
complete, partial, or dominant (see Fig. 1). Patients with complete ADIFN-γR1 or complete ADIFN-
γR2 deficiency demonstrate absolute refractoriness to IFN-γ stimulation in vitro and in vivo. In con-
trast, patients with partial defects, whether in IFN-γR1 or IFN-γR2, show in vitro response to addition of
IFNγ at levels 10- to 100-fold higher than normal (see Chapter 11). Patients with the dominant forms of
IFN-γR1 deficiency show attenuated IFNγ responsiveness in vitro at higher doses. IFN-γ therapy in
vivo is clearly effective in patients with ADIFN-γR1 deficiency, even at the standard 50-µg/m2 dose
(Holland et al, unpublished observations). Some cases of ADIFN-γR1 deficiency are slow to respond
and higher doses may be needed (Kumararatne personal communication).

Chatte et al. (106) used aerosolized IFN-γ, 500 µg, by nebulizer 3 d/wk in a 38-yr-old man with
silicosis and severe cavitary MAC disease who had failed medical therapy. Aerosolized IFN-γ con-
verted his smears to negative, although his cultures persisted positive. With the cessation of aerosolized
IFN-γ, his sputum smears reverted to their previous level and his disease progressed fatally. This was
the first report of aerosolized IFN-γ in the treatment of mycobacterial disease. The finding of rapid
conversion of sputum to smear negative was remarkable in such a long-term refractory patient.

10.1.3. Mycobacterium tuberculosis
The experience with IFN-γ and tuberculosis is limited. Raad et al. (107) reported a patient with

acute lymphocytic leukemia in remission with biopsy proven multidrug-resistant tuberculosis
(MDRTB) involving the brain and spinal cord was steroid dependent because of infection-related
edema. Subcutaneous IFN-γ allowed rapid reduction in steroid dose and led to cure without any
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exacerbation of central nervous system inflammation. The ability of IFN-γ to induce cure without an
exacerbation of local inflammation is encouraging in terms of its safety in the treatment of inflamma-
tory diseases. This result was somewhat presaged by the experience in CGD, in which there was no
obvious exacerbation of inflammatory conditions in the randomized trial (54). Condos et al. (108)
used IFN-γ aerosol (500 µg three times weekly for 4 wk) in five patients with long-standing MDRTB
refractory to medical therapy. All five showed clearing of the sputum smears within that month. With
this short course of therapy, no cultures converted and all patients returned to smear positive after
cessation of IFN-γ. Importantly, no patient worsened during therapy and there were no significant
systemic or local complaints. A placebo-controlled, randomized, multicenter prospective trial of aero-
solized IFN-γ was conducted in pulmonary MDRTB but has not proven efficacy. A randomized trial
in severe or refractory pulmonary MAC infection is underway.

CONCLUSIONS

The mechanisms by which IFN-γ exerts its beneficial effects in the treatment of infectious dis-
eases are easy to imagine but, so far, difficult to demonstrate. Even though we now have incontro-
vertible proof that IFN-γ is necessary for mycobacterial control, in particular, and the control of
intracellular infections in general, we still do not know why. This ignorance, in turn, leaves open
numerous hypotheses about mechanism of action in other disease states. However, the interferons are
critical components of normal host response and they can be therapeutically used in many diseases.

Fig. 1. Homodimeric IFN-γ binds to IFN-γR1, leading to dimerization and aggregation with IFN-γR2 mol-
ecules. The respective Janus kinases (JAKs) are brought together and transphosphorylate. This leads to the
phosphorylation of IFN-γR1 at Y440, shown by P. STAT1 binds to this site and becomes phosphorylated,
then homodimerizes and goes to the nucleus where it combines with CBP300 and upregulates IFN-γ respon-
sive genes. * shows the site of 818del4 mutation in IFN-γR1.
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1. INTRODUCTION: HOMEOSTATIC ROLE OF INTERLEUKIN-2
IN THE HUMAN IMMUNE SYSTEM

Interleukin (IL)-2 was originally purified as a “T-cell growth factor” (TCGF) inducing the sur-
vival of human T-lymphocytes in vitro (1). Shortly after this, a 19-kDa molecule was definitively
named IL-2 (2,3) and was shown early to interact with a cell surface receptor identified by the anti-
Tac monoclonal antibody (mAb) (4,5). This mAb was later shown to recognize the α-chain (CD25)
low-affinity receptor complex conferring high-affinity binding (10–11 M) to the β/γ-chain IL-2 recep-
tor shared with other cytokines (6,7). In 1983, the first DNA clone of IL-2 was obtained (8).

Since its discovery, IL-2 was recognized as a potent regulator of survival, proliferation, and acti-
vation of several important immune effects in addition to T-lymphocytes (see Table 1). Recently, a
number of unsuspected effects of IL-2 have emerged, mostly by animal studies, indicating an equally
(if not superior role) of IL-2 in the elimination of T-cells crucial for the homeostasis of the immune
system. Indeed, mice that had been genetically manipulated to avoid expression of IL-2 (i.e., IL-2
knockout, [KO], mice) showed an unpredicted phenotype characterized by a multiorgan lethal in-
flammatory disease with generalized lymphoadenopathy sustained by a profound activation of both
T- and B-lymphocytes (35). These mice frequently died of anemia or inflammatory bowel disease
essentially caused by tissue infiltration of activated T-lymphocytes. Of interest for HIV pathogen-
esis, although both CD4+ and CD8+ T-cells were hyperactivated in IL-2 KO mice, CD4+ T-cells
appeared to be the first subset involved, as reviewed in ref. 36. A central defect in IL-2-deficient
animals is likely related to the loss of a homeostatic control operated by the Fas (CD95)/Fas ligand
(FasL) CD178 pathway, a major modulator of cell apoptosis. FasL interaction with a trimer of CD95
molecules expressed at the cell surface leads to the activation of caspase 8 (or FLICE) via the Fas
adaptor death domain (FADD) present in the intracytoplasmic portion of the receptor; caspase activa-
tion leads to apoptosis of recently activated CD4+ T-cells, a process known as “activation-induced
cell death” (37). IL-2 directly operates in this process via upregulation of FasL expression concomi-
tant with a downregulation of the intracellular FasL-inhibitory protein (FLIP) (37). Therefore, ani-
mals lacking IL-2 are deficient in the Fas/FasL servomechanism crucial for avoiding the accumulation
of activated T-cells that may become autoreactive upon chronic antigenic stimulation.

In addition to T- and B-cells, IL-2 can activate mononuclear phagocytes via the intermediate affinity
(10–9 M) βγ receptor, resulting in the potentiation of tumoricidal and bactericidal capacity, also medi-
ated by the release of proinflammatory molecules such as cytokines, prostaglandins, and thrombox-
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anes (38). Natural killer (NK) cells are enhanced in their proliferative and cytotoxic activities and are
induced to release cytokines and chemokines upon stimulation with IL-2 (7,39,46). Expansion and
activation of NK cells in the presence of IL-2 leads to the development of “lymphokine-activated
killer” (LAK) cells showing an increased lytic potential against tumor cell targets and cells infected by
a variety of viruses (41,42). In this regard, however, recent studies have indicated that NK cells are
more sensitive to IL-15 rather than IL-2 for their development (43). The capacity of IL-2 of expanding
and potentiating T-cell and NK cells in their lytic effector function has lead to its early experimental
clinical use in patients affected by different forms of malignancies, resulting in a relative success at
least against selected tumors, such as metastatic melanoma and renal cell carcinoma (44,45). When T-
cells were isolated from the areas surrounding the neoplastic masses (tumor infiltrating lymphocytes
[TIL]), they were sensitive to the ex vivo expansion in the presence of IL-2 either alone or in synergy
with other cytokines such as IL-4 or tumor necrosis factor-α (TNF-α), or by stimulation with anti-
CD3 mAbs (46,47). The experimental clinical protocols investigated in oncology have served as valu-
able models for the clinical use of IL-2 in human immunodeficiency virus (HIV)-infected individuals.

2. THE ROLE OF IL-2 IN HIV INFECTION IN VITRO AND EX-VIVO

The successful isolation of HIV, the etiological agent of AIDS, was firstly obtained with cord
blood-derived or peripheral blood mononuclear cells (PBMCs) that had been previously activated
with phytohemagglutinin and were then maintained in medium containing IL-2 (48,49). Since then,
T-cell activation (by IL-2 or other means) has been considered a sine qua non condition for produc-
tive HIV infection and replication, a general rule with some important exceptions. When antigen
(Ag)-specific T-cell clones were transfected with a plasmid encoding the virus long terminal repeat
(LTR; i.e., the region containing the regulatory sequence controlling HIV transcription) and the cells
were subsequently activated by different stimuli, divergent effects were observed. Cell stimulation
by phorbol esters resulted in strong T-cell proliferation and HIV-LTR activation, whereas IL-2 in-
duced profound cell activation and proliferation but not HIV transcription (50). This observation
clearly demonstrated that T-cell activation and proliferation could be uncoupled from virus expres-
sion, a concept that has found recent validation in both macaques infected with simian immunodefi-
ciency virus and in infected individuals (51). Furthermore, the HIV-potentiating effect exerted by

Table 1
Effects of IL-2 Administration on Circulating PBMC Subsets

Cell subset Effect Ref.

CD4+ T-cells ↑ (absolute and %) (9–17)
(CD4+ T-cells <200 µL) = (18,19)
CD8+ T-cells ↓ or = (absolute and %) (11,18–23)
CD45Ra+ (naive) T-cells ↑ in % (late) (20,21,24–27)
CD45Ro+ (memory) T-cells ↑ in % (early) (20,21,24–27)
T-cell activation/proliferation
(by Ki-67 expression) ↑ (CD4+, CD8+, CD16/CD56+ cells) (28)
CD4/CD28+ or /CD26+ T-cells ↑ in % (20–22,24)
CD4/CD25+ T-cells ↑ in % (10,11,20,21,24,27,29,30)
CD8/HLA-DR+ T-cells ↑ in % (10,11,28,30,31)
CD8/CD38+ T-cells ↑ in % (21,22,28)
CD8/CD28+ T-cells ↑ in % (21,24)
NK cells ↑ in % (15,19)
CCR5/CXCR4 on CD4+ T-cells ↑ (32–34)
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IL-2 on infected PBMCs was mostly accounted for by the triggering of a proinflammatory cascade of
cytokines, including TNF-α, TNF-β, IL-1β, and interferon-γ (IFN-γ) that were previously shown
capable of activating HIV expression by acting at transcriptional and post-transcriptional steps in the
virus life cycle (52–54). Furthermore, when either PBMCs or lymph-node-derived mononuclear cells
of HIV-infected individuals were stimulated ex vivo, IL-12, but not IL-2, activated HIV replication,
whereas removal of CD8+ cells (comprising both T-cells and a substantial fraction of NK cells) re-
sulted in a strong upregulation of HIV replication by IL-2 that outscored IL-12 in terms of virus-
inductive effects (55). This observation indicated that IL-2 induced a CD8-related suppressor
mechanism(s) that was dominant on cytokine-induced virus enhancement (see Fig. 1). It is conceiv-
able that similar mechanisms may be operational in vivo and contribute to the significant expansion
of circulating CD4+ T-cells observed in most individuals receiving intermittent cycles of IL-2.

The recent demonstration that the seven-transmembrane domain receptors CCR5 and CXCR4 are
crucial coreceptors required for HIV entry into CD4+ cells (56,59), raised the question of the poten-
tial role played by IL-2 on their cell surface expression and/or on the secretion of their related ligands,
namely regulated upon activation normal T-cell-expressed and -secreted (RANTES), macrophage
inflammatory protein-1α (MIP-1α) and MIP-1β for CCR5, and stromal cell-derived factor-1 (SDF-
1) for CXCR4, exerting potent anti-HIV effects in vitro. Indeed, IL-2 stimulation induced the expres-
sion of several chemokine receptors, including CCR5, both on naive T-cells stimulated in vitro (60)
as well as when administered in vivo to HIV-infected individuals (32–34,61) (see Fig. 1). However,
the potent but transient upregulatory effect of IL-2 on CCR5 expression did not result in increased
levels of plasma viremia. In contrast, prolonged incubation of monocyte-derived macrophages with
IL-2 prior to infection resulted in decreased levels of expression of both CD4 and CCR5, with a
consequent reduced HIV replication (62). A number of additional studies have further substantiated
the importance of IL-2 in the regulation of HIV chemokine coreceptors (63–65).

Fig. 1. Interleukin-2 activates immune effectors, mostly CD8+ T-cells and NK cells, in both their specific
(i.e., CTL), and nonlytic functions, including the release of HIV-inhibitory chemokines (56) and unidentified
inhibitors described as “CD8 antiviral factor” (CAF) (57). In addition, intermittent administration of IL-2 re-
stores the quantitative defect of circulating and tissue CD4+ T-cells caused by HIV infection. The
proinflammatory effect of IL-2 is mostly accounted for by the release of cytokines such as TNF-α, IL-1, and
others that are the principal cause of the clinical side effects (summarized in Table 2) and are also well-known
activators of HIV replication (58). This potentially deleterious effect is, however, overcome by a CD8-depen-
dent antiviral effect (55,57). IL-2-expanded CD4+ T-cells are mostly uninfected, thus determining a dilution of
those lymphocytes carrying integrated HIV proviruses (see Fig. 3).
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3. IN VIVO EXPANSION OF CD4+ T-CELLS AND CONTROLLED VIREMIA
BY INTERMITTENT CYCLES OF IL-2 AND ANTIRETROVIRAL THERAPY

Provision of IL-2 to infected individuals has been attempted since the early 1980s in order to
correct the state of generalized immunodeficiency typical of this disease. In early clinical trials with
IL-2, various routes of administration and doses were given with variable results. In 1985, Kern and
colleagues administered increasing doses of intravenous (iv) IL-2 given as a bolus or by 4-h infusion
to a small group of acquired immunodeficiency syndrome (AIDS) patients including individuals with
lymphadenopathy syndrome (66). A small phase I/II trial involving patients in advanced phases of
infection was performed (67). IL-2 improved delayed-type hypersensitivity (DTH) responses as well
as the lymphocyte proliferative response to soluble Ags and allo-Ags and induced a transient lym-
phocytosis. In 1987, Volberding and colleagues (68) conducted the first relatively large phase I/II
study on 87 AIDS patients, predominantly affected by Kaposi’s sarcoma (KS). The individuals re-
ceived variable doses (from 1×103 to 2 million international units (MIU/m2) of IL-2 as a bolus every
48 h. No major alterations of immunological parameters were observed and the clinical results were
quite discouraging: 3 patients had partial KS remissions, whereas the other 17 showed disease pro-
gression while on therapy (68). In the early 1990s, Schwartz and colleagues (9,69) administered IL-
2 at doses of up to 12 MIU/d for 5 d/wk for 30 d together with Zidovudine to 10 antiretroviral-naïve
individuals with CD4+ T-cell counts >400 cells/mm3. Six out of nine individuals studied 4–21 mo
following the IL-2 administration period showed CD4+ T-cell counts higher than baseline, with a
mean absolute increase of 135 cells/mm3.

A major advancement in the clinical use of IL-2 occurred in 1995 when Kovacs and colleagues
treated 23 patients with CD4+ T-cell counts >200 cells/mm3 with 5-d or 21-d courses of continuos iv
(civ) infusion of IL-2 at doses ranging from 1.8 to 24 MIU/d (10). Dose-limiting side effects included
capillary-leak syndrome, influenzalike symptoms, hepatic and renal dysfunction, thrombocytopenia,
and neutropenia (see Table 2). No consistent changes in immunological variables or viral load (as
measured by HIV-1 p24 Gag Ag or virus isolation from PBMCs) were observed. In the same study,
10 individuals with CD4+ T-cell counts >200 cells/mm3 received repetitive cycles of IL-2 (civ IL-2 at
the initial dose of 18 MIU/d for 5 d every 8 wk) together with current antiretroviral therapy (ART).
Most individuals required dose reduction; however, 60% of the individuals showed an increase of
CD4+ T-cell >50% of their individual baseline value. Viral load, measured by a branched DNA tech-
nique more sensitive than the standard HIV-1 p24 Gag Ag determination, increased transiently in
some patients who received IL-2 (10). The same authors provided more compelling evidence in a
controlled trial involving 60 individuals with CD4+ T-cells >200 cells/mm3 who were randomized to
receive either ART alone or ART together with IL-2 (18 MIU/d, per civ for 5 d every 8 wk for a total
of 6 mo) (11). Patients were evaluated monthly up to 14 mo after randomization. Five out of 30
individuals withdrew from the study because of the IL-2-induced side effects, among which constitu-
tional symptoms were the most common. Fifty-six percent of the individuals receiving IL-2 showed
an increase of CD4+ T-cells >50% versus baseline at 48 wk, whereas this was not observed in the
control group (11). Again, no significant changes in viral load, measured by branched DNA, were
observed.

Although intermittent civ IL-2 increased the CD4+ T-cell counts of infected individuals for pro-
longed periods, this route of administration is inconvenient for patients. Thus, several independent
studies were aimed at the identification of a better modality of IL-2 administration preserving the full
potency, in terms of increased CD4+ T-cell counts, observed with the highest doses but minimizing
the side effects associated with the administration of the cytokine. In this regard, subcutaneous (sc)
IL-2 administration either daily or twice a day (bid) has shown a similar range of biological and
clinical effects than civ IL-2 in several independent studies, and it is better tolerated and convenient
on an outpatient basis. In one study, 5-d cycles of sc IL-2 (3–18 MIU/d) were administered every 2
mo to 18 patients on ART (71). The first three patients enrolled at 18 MIU/d manifested serious side
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effects including congestive heart failure and hypotension, and no additional individuals were in-
cluded in this arm; the maximal tolerated dose was 15 MIU/d (71). De Paoli and colleagues treated 10
ART-naïve individuals with CD4+ T-cell counts ranging between 200 and 500 cells/mm3; sc IL-2 (6
MIU/d) was administered at d 1–5 and 8–12 of a 28-d cycle for six cycles together with ART
(Zidovudine plus dideoxyInosine), whereas six individuals received only ART. A superior increase
of CD4+ T-cell counts was observed in the IL-2-containing arm at 24 wk; IL-2 did not increase
plasma viremia, confirming previous studies (20). In a more recent controlled randomized trial, Levy
and colleagues compared sc IL-2 (12 MIU/d) to an iv bolus of 2 MIU of IL-2 and to sc
polyethileneglycol-conjugated IL-2 (PEG–IL-2; 3 MIU/m2 bid) in 94 ART-naïve individuals with
CD4+ 250–550 cells/mm3 who also received dual nucleoside analogs, whereas a control arm received
ART alone (21). Seven cycles of IL-2 were administered over 56 wk; a comparable increase in CD4+

T-cell counts was observed in HIV-infected individuals receiving either the iv bolus or sc IL-2; the
mean increases in CD4+ T-cell counts versus baseline were 55, 564, and 676 cells/mm3 in the control,
sc, and iv bolus IL-2, respectively, whereas no significant changes in CD4+ T-cell counts were noted
in those receiving PEG–IL-2. Plasma viremia was comparably reduced in all arms, with approx 50%
of individuals showing a reduction <500 copies of HIV RNA/mL, as determined by a polymerase
chain-reaction (PCR)-based technique (21). A similar trial was conducted on 60 antiviral-experience
individuals by Tambussi and colleagues, who compared three IL-2-containing regimens and a con-
trol group receiving ART alone, in which Saquinavir hard-gel capsules was added to two nucleoside
analogs (70). Individuals in group A received civ IL-2 (12 MIU/d) for 5 d every 8 wk for two cycles,
followed by sc IL-2 (7.5 MIU/bid) for 5 d every 8 wk for 4 cycles; in group B, sc IL-2 (7.5 MIU/bid)
was administered for 6 cycles, whereas in group C sc IL-2 (3 MIU/bid) was given for 5 d every 4 wk
for a total of 12 cycles. Therefore, all of the IL-2-containing regimens were administered equivalent

Table 2
IL-2-Related Side Effects

Grade 1 Grade 2 Grade 3 Grade 4

Weight gain Fever Fever Neurological symptoms
Renal toxicity Nausea Nausea
Diarrhea Diarrhea
Anorexia Anorexia
Asthenia Asthenia
Skin rash Skin rash
Myalgia Myalgia
Arthralgia Hypotension
Headache Local inflammation
Hypotension Stomatitis
Local inflammation Hematological abnormalities
Abdominal pain Liver abnormalities
Stomatitis
Nasal congestion
Neurological symptoms
Coughing
Insomnia
Heart symptoms
Hematological abnormalities
Liver abnormalities
Hypocalcemia
hypomagnesiemia

Source: ref. 70.
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cumulative doses of IL-2 over a 12-mo period. The mean CD4+ T-cell counts absolute variation
versus baseline were 698, 625, 726, and 103 cells for groups A, B, and C and control, respectively.
No increase in either plasma viremia or in the number of genotypic mutations for inhibitors of both
reverse transcriptase and viral protease were observed among patients treated with IL-2 (70).

After the introduction of potent combinations of new antiretroviral cocktails in the clinical prac-
tice, several studies have demonstrated that IL-2 given in conjunction with HAART can increase the
levels of circulating CD4+ T-cells above the effect obtained by highly active antiretroviral therapy
(HAART) alone. In one phase II randomized multicenter study (30), individuals with CD4+ T-cell
counts between 200 and 500 cells/mm3 were randomized to receive either HAART alone or HAART
plus sc IL-2 (7.5 MIU/bid) for 5 d of an 8-wk cycle. The median percent change from baseline CD4+

T-cell counts was 81% in the IL-2 plus HAART arm, but only 12% in those receiving HAART alone
(p<0.001). Hengge and colleagues randomized 44 individuals with the same range of CD4+ T-cell
counts at baseline who were on stable HAART to receive sc IL-2 either 9 MIU/d for 5 d every 6 wk
cycles (group A) or whenever their CD4+ T-cell counts fell <1.25-fold their baseline values (group
B); IL-2 was administered for 1 yr, whereas 20 matched controls formed the control group (28).
Fifty-eight out of 64 individuals completed the study (40/44 IL-2 recipients and 18/20 controls). A
mean of 4.9 cycles were administered in group B; the median CD4+ T-cell counts increased from 363
to 485 in group A and from 358 to 462 in group B, whereas no significant variations occurred in the
control group (28).

Limited information is currently available of the potential role of IL-2 plus HAART in individuals
with more advanced HIV disease. Arnò and colleagues studied 25 individuals with CD4+ T-cell counts
≤ 250 cells/mm3 and with plasma viremia <500 copies of HIV RNA/mL. Thirteen of them, randomly
chosen, received sc IL-2 (3 MIU/bid) for 5 d every 4 wk, for a total of 6 cycles together with HAART,
whereas the 12 remainders continued to receive HAART alone (24). After the first cycle, the dosage of
IL-2 was reduced to 3 MIU/d for toxicity reasons. Eighteen individuals were then evaluated; the mean
increases in CD4+ T-cell counts were 105 and 30 cells in the IL-2 and control arms, respectively (the
mean increase was statistically significant in the IL-2 group, but not in the control group) (24).

Thus, the results of several independent randomized studies together convincingly demonstrate
that intermittent administration of no less than 3 MIU/d IL-2 causes a sustained increases of the
number of circulating CD4+ T-lymphocytes in the majority of HIV-infected individuals receiving
either ART or HAART. In this regard, an important aspect of IL-2 is its long-lasting effect once its
administration is suspended. IL-2-boosted CD4+ T-cells of infected individuals with >200 cells/mL
at baseline frequently reach numbers of circulating cells superimposable to those of uninfected healthy
individuals after 6–12 mo of therapy, whereas IL-2 suspension does not lead to a drop of CD4+ T-cell
counts for several months. These observations indicate that the effect of the cytokine is not a simple
redistribution of CD4+ T-cells from peripheral tissue to the blood compartment. Furthermore,
readministration of IL-2 even after several months after its suspension induces, again, an increase of
CD4+ T-cells, indicating that there is no loss of responsiveness to the cytokine when administered on
an intermittent 5-d-cycle basis (72). Concerning the long-term effects of IL-2 administration, limited
results have indicated an absence of alteration of the T-cell-receptor repertoire up to 18 mo after
therapy (10). By increasing the precursor frequency of certain Ag specificities, IL-2 may protect and
expand residual immune function and prolong the time to onset of opportunistic infections (see Fig.
1). In this regard, a pooled intent-to-treat analysis (73) of 3 studies of intermittent civ IL-2 adminis-
tration, involving 157 individuals, has indicated a decrease of approx 50% in viral load and in AIDS-
defining events in those individuals who were originally randomized to receive IL-2 versus those
who were not. Of interest, an unpredicted decreased viremia levels was observed in individuals who
had received IL-2 during the trials, in spite of the fact that open-label IL-2 was received by up to 60%
of individuals who did not receive the cytokine during the trial (73). This observation suggests that
IL-2 may indirectly exert an antiretroviral effect (likely via restoration of HIV-specific immunity)
and that its potency may diminish over time. A formal demonstration of an antiviral effect of IL-2
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therapy regardless of whether the individuals were receiving protease inhibitors as part of their ART
was reported by Davey and colleagues (74). Eighty-two individuals with 200–500 CD4+ T-cells and
plasma viremia <10,000 copies of HIV RNA/mL were randomized to either ART or ART plus sc IL-
2 (7.5 MIU/bid); on-treatment analysis was performed on 78 individuals, some of whom were receiv-
ing HAART. Sixty-seven percent of individuals receiving ART plus IL-2 showed a reduction of
viremia <50 copies of HIV RNA/mL, whereas only 36% of patients treated with ART alone achieved
this goal. The same trend was observed when the analysis was restricted to those individuals who
received HAART together with or in the absence of IL-2 (with a 69% vs 44% reduction of viremia
levels, respectively) (74).

4. IMMUNOLOGICAL AND VIROLOGICAL CORRELATES OF INTERMIT-
TENT IL-2 ADMINISTRATION

Administration of IL-2 is associated with a number of reversible dose-dependent symptoms (see
Table 2). These undesired side effects are largely accounted for by the potent proinflammatory effect
of IL-2 resulting in the upregulation of several cytokines (75) (see Table 3). A profound lymphopenia
is typically observed 48–72 h after the beginning of IL-2 administration and is rapidly followed by
lymphocytosis occurring between d 5 and d 8 at the end of a typical cycle of administration. A “step-
by-step” increment of CD4+ T-cells is typically observed at the midpoints between two cycles of
cytokine administration (see Fig. 2). The cumulative effect is a progressive reversal of the classical
CD4+ T-cell lymphopenia observed in HIV-infected individuals, in terms of both absolute and rela-
tive numbers, achieving the restoration of a CD4/CD8 ratio >1 in most individuals that have begun to
receive IL-2 when their CD4+ T-cell counts were >200 cells/µL (72). It is interesting to note that this
effect did not occur and, in contrast, both clinical deterioration and increased HIV replication were
observed in individuals initiating IL-2 when in advanced stages of disease (<200 CD4+ T-cells/µL)
(10). This observation suggests that IL-2 may, indeed, exert multiple and contrasting effects in vivo
as observed in vitro, and that such a balance may be tilted in favor or against HIV replication as a
function of disease stage and concomitant ART. Introduction of HAART, in particular, has further
changed this paradigm in that even individuals with very low CD4+ T-cell counts may respond to IL-
2 therapy with stable increases of CD4+ T-cells in conditions of controlled virus replication
(24,25,81). HAART-treated individuals showing virological control but not an increment of periph-
eral CD4+ T-cells were shown to respond to IL-2 for this parameter, and this effect has been judged as
an indication for the therapeutical use of IL-2 in advanced disease in France (82).

The lack of rebounding virus replication at least in periphery in those individuals receiving IL-2
under conditions of incomplete virus suppression by the concomitant ART/HAART indicates that
the viral dynamics in these individuals do not follow the “prey–predator” model that has been postu-
lated to explain the paradoxical results of HAART-based clinical trials (83). In some of these studies,
rebound of viremia at therapy suspension or simplification was indeed quantitatively proportional to
the extent of peripheral CD4+ T-cell expansion induced during HAART (84). The underlying mecha-
nisms evoked by IL-2 administration are unknown but likely effect several immunological functions
resulting in the control of the multiple effects of HIV infection on the human immune system (see
Table 4). In this regard, transient spikes of viremia were described as typically occurring at the end of
the infusion/administration cycle and never resulting in an increased of steady-state viremia (10).
These bursts have been correlated to an increase of TNF-α levels (73,74,85) and/or to the
downregulation of cellular transcription factors (Yin Yen-1, YY1, and LBP-1/LSF) (86) that have
been described to play a negative role on HIV transcription (87). In this latter study, the
downregulatory effects were correlated to the induction of a proteolytic activity cleaving YY1 and,
possibly, LBP-1/LSF, which did not abolish their DNA-binding capacity but removed the
transactivating domain. In addition, we have described that IL-2 administration resulted in increased
levels of a C-terminally truncated form of signal transducer and activator of transcription-5 (STAT-
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Table 3
Expression of Cytokines and Other Soluble Factors
in Individuals Receiving IL-2

Cytokine/factor IL-2 effect Ref.

Serum Ig ↓ (76)
sCD25 (sIL-2Rα) ↑ (9,15,29,34,77)
sCD8 ↑ (34)
sCD30 ↑ (20)
IFN-α ↑ (18)
IFN-γ ↑ (20,22,78)
TNF-α ↑ (79)
TNF-α, IFN-γ, GM-CSF Undetectable (13)
IL-6 ↑a (80)
IL-4 ↑ (20,22)
IL-13 ↑ (22)
IL-16 ↑ (29)
IL-10 = (20)
RANTES, MIP-1α, MIP-1β = (33,34)
MCP-1 production by PBMCs ↓ (22)

aDuring IL-2 administration.

Fig. 2. Differential effect of intermittent IL-2 administration on circulating CD4+ and CD8+ T-lymphocytes
in a representative individual belonging to a larger cohort. Transient variations of these two PBMC subsets are
typically observed during the administration of IL-2, with a relative decrease of circulating CD4+ T-cells 3 d
after the beginning of the cycle. This effect is typically followed by a cellular rebound at the end of the cytokine
administration (as indicated here at d 8). A re-equilibration of the two subsets is observed at the midpoint
between two cycles (d 28), however with an absolute as well as relative gain of the CD4+ T-cell subset and a
relative decrease of the number of CD8+ T-cells. (from ref. 70).

5) that, together with STAT-1, was found constitutively expressed in most HIV-infected individuals
(88). As mentioned earlier, IL-2 has been reported to upregulate the apoptosis of activated murine
CD4+ T-cells via upregulation of FasL and downregulation of the intracellular negative factor FLIP
(11). Because this latter effect appears controlled by STAT-5, it is possible that IL-2-mediated
upregulation of C-terminally truncated STAT-5 may result in decreased levels of Fas-mediated
apoptosis, as observed in individuals receiving low-dose IL-2 (89).



IL-2 in HIV Infection 353

A reduction of latently infected cells by IL-2 administration in combination with either HAART
or ART has been observed by independent investigators. Chun and colleagues have described a sig-
nificant reduction in the ability of isolating replication-competent HIV from up to 360 × 106 resting
memory CD4+ T-cells in individuals treated with HAART plus IL-2, but not in those receiving only
HAART (90). Unfortunately, this impressive finding did not translate into a significantly different
outcome at therapy suspension in that a comparable viral rebound was observed in both HAART- and
HAART plus IL-2-treated individuals (85). A molecular analysis largely based on a heteroduplex
tracking assay indicated that the rebounding virus was often diverse from the predominant circulat-
ing species present before therapy suspension (91). This observation suggests that a different reser-
voir, perhaps less sensitive to the combined effect of HAART and IL-2, may have been the cellular
source of the rebounding virus. However, additional studies indicated that IL-2 therapy did not expand
different viral quasispecies versus that present before cytokine administration in six out of eight
studied individuals (92). In two individuals, a transient expansion of either a PBMC-associated HIV
DNA species or of a uniquely clustered quasispecies unrelated to both plasma viremia and PBMCs
was reported; the pre-IL-2 HIV variant nonetheless returned to be dominant after approx 30 d from
IL-2 administration (92). In the same study, evidence of a comparable decrease of HIV load in lym-
phoid tissue (mostly tonsils) was observed in both IL-2 recipient and control ART-treated individuals
(92). In addition, a profound decrease of lymph node-associated HIV RNA and DNA was reported in
individuals receiving IL-2 and IFN-γ together with a five-drug HAART regimen (81).

A progressive decrease of either HIV-infected CD4+ T-cell (93) or of PBMC-associated HIV DNA
was observed in some individuals receiving ART plus IL-2, but not in those treated with antiretroviral
agents only (12,26,70,94) (see Fig. 3). This effect likely reflected a dilution of infected CD4+ T-cells
into an expanding pool of uninfected CD4+ T-cells, rather than an absolute elimination of HIV+ cells
(see Fig 1). Nonetheless, this observation reinforces the hypothesis that IL-2 protects CD4+ T-cells
from representing an expanded target population for the virus under conditions of incompletely con-
trolled replication. Elucidation of these protective mechanisms would be of great value for IL-2
therapy as well as for monitoring the immunological profile of infected individuals receiving unre-
lated forms of therapy or vaccines.

In vivo, IL-2 administration induces both the redistribution and the activation of the main lympho-
cyte subsets, as reported in Table 1. In particular, an increased number of circulating CD4/CD25/
CD28+ T-cells (10,11,20–22,24,27,29,30) with a concomitant reduction of CD8/HLA-DR/CD38+ T-
cells (10,11,21,22,28,30,31) is the most common pattern described in individuals receiving intermit-
tent cycles of IL-2 administration. Of note is the fact that an opposite pattern of these two PBMC
subsets has been correlated to HIV disease progression in several studies (95–97). In one study, a
fourfold increase of CD4/CD25+ T-cells was observed after 12 mo of follow-up from the completion

Table 4
Potentially Beneficial and Detrimental Effects of IL-2 Therapy in HIV Infected Individuals

Beneficial Detrimental

Expansion of uninfected memory and naive Substantial toxicity (reversible)
    CD4+ T-cells
No increase of steady-state viremia Viremia spikes during IL-2 administration
Decrease of PBMC-associated HIV DNA Potential activation of underlying infections
Lack of interference with antiviral agents Increased expression of proinflammatory

cytokines
Potentiation of CD8+ lytic (CTL) and nonlytic Upregulation of CCR5 expression on T-
    antiviral activities lymphocytes
Potentiation of NK/LAK activities Emergence of latent autoimmune symptoms
Potentiation of CD4-dependent T-helper responses
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of a randomized study of sc IL-2 plus ART or HAART versus individuals who received only conven-
tional therapy (74). In contrast, no substantial differences were observed for other PBMC subsets,
including CD8/CDC25+, CD4/HLA-DR+, and CD8/HLA-DR+, between the two groups of patients
(74). Recently, CD4/CD25+ T-cells have gained substantial attention in that they encompass cells
with regulatory function involved both in auto-immunity and tolerance, as reviewed in ref. 98. These
cells depend on B7/CD28 interaction for their development (99) and express constitutively the CTLA-
4 costimulatory molecule (100,101). Therefore, it is conceivable that some effects mediated by IL-2
administration to HIV+ individuals is the result of the expansion and activation of these cells.

An increased number of PBMC expressing the three chains of the IL-2-receptor complex was
found in HIV-infected individuals in comparison to both uninfected individuals and subjects with
chronic hepatitis B virus infection (102). In particular, α-, β-, and γ-chains were expressed mostly on
CD8+ T-cells, B-cells, monocytes, and, to a lesser extent, on approx 10% of CD4+ T-lymphocytes
(102). Of interest, this pattern did not correspond to an increased responsiveness of these cells to IL-
2, with the exception of B-lymphocytes, a feature that may be dependent on a relative defect of IL-2
during Ag-specific T-cell activation (103). The recovery of T-cell functions induced by IL-2 is char-
acterized in vivo by an increase of the skin test reactivity versus recall Ags (13,28,31,76,104) or HIV
Ags (28), and ex vivo by an increase of lymphoproliferative response to the same recall Ags and to
mitogens (14,21,104) (see Table 5). However, some studies have reported a transient reduction of
proliferative responses during the first week of treatment (15,106,107).

As already mentioned, the cascade of soluble factors induced by IL-2 administration encompasses
several proinflammatory cytokines as well as their soluble receptors, including the soluble α-chain of
the IL-2R (sCD25) (see Table 3). In vivo, a positive correlation with peak levels of IL-2 and cytokine-
induced side effects has been reported (109), whereas no TNF-α, IFN-γ, or GM-CSF were detected in
plasma/serum of individuals receiving ultralow doses of sc IL-2 (up to 1.2 MIU/m2/d) (13). How-
ever, in a recent study, we have observed a correlation between IL-2-related toxicity and the plasma
levels of both IL-2 itself and TNF-α (110).

Fig. 3. Interleukin-2 induces a decrease of PBMC-associated HIV DNA. In a recent study from our group, as
previously observed in others, a diminution of cell-associated HIV DNA (comprising both integrated and
unintegrated forms) was observed in individuals receiving sc IL-2 plus ART, but not in those treated only with
ART. Noteworthy, a substantial interpatient fluctuation of PBMC-associated HIV DNA was observed in the
ART group, but not in those receiving the cytokine, in spite of the fact that the two groups of individuals had
similar baseline features (from ref. 70).



IL-2 in HIV Infection 355

5. CONCLUSIONS AND PERSPECTIVES

The vanished goal of eradicating HIV infection by combining several antiretroviral agents has
refocused most of the attention on the long-term management of HIV disease. In this context, the
possibility of combining antiviral and immune-based approaches has a solid basis in the consolidated
experience of IL-2 administration. Multiple trials on different cohorts of infected individuals have
shown that intermittent administration of 3–12 MIU/d of IL-2 can restore normal levels of circulating
CD4+ T-lymphocytes, a crucial parameter of immune function. Retrospective analysis of individuals
who have received IL-2 in previous years is encouraging in the hypothesis that the observed increases
of CD4+ T-cell counts are not a simple “cosmetic” change in the composition of PBMCs of these
individuals. Hopefully, ongoing phase III clinical trials will address this fundamental question. An
added value of IL-2 experimental therapy is its broader implication: Administration of a cytokine, a
messenger protein that allows the intercellular communication among immune cells, as a drug to
immunodeficient individuals may lead to the reconstitution of their immune responses, thus increas-
ing their capacity to fight opportunistic infections and tumors.
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Clinical Applications of G-CSF and GM-CSF

in the Treatment of Infectious Diseases

Kai Hübel, David C. Dale, Richard K. Root, and W. Conrad Liles

1. INTRODUCTION

Infectious diseases remain a major cause of morbidity and mortality throughout the world, includ-
ing the United States. The immune system represents the primary host defense against pathogenic
bacteria, fungi, and parasites. The first line of defense is comprised primarily of polymorphnuclear
granulocytes (PMNs), macrophages, natural killer (NK) cells, and cytotoxic lymphocytes. Upon
activation, these cells can destroy and eliminate pathogenic microorganisms. The possibility of aug-
menting host defense has increased dramatically during the past two decades with the discovery and
development of cytokines. The immunomodulatory effects of colony-stimulating factors (CSFs) on
selected leukocyte populations have received increasing attention recently.

This chapter will focus on the properties of two cytokines, namely granulocyte colony-stimulating
factor (G-CSF) and granulocyte–macrophage colony-stimulating factor (GM-CSF). Both have been
subjects of significant investigation as therapeutic immunomodulatory agents to upregulate phago-
cyte function during infection. Despite overlapping biologic activities, the two factors do not appear
to be derivatives of a common evolutionary ancestral regulatory molecule based on their respective
amino acid sequence structures (1). Both cytokines are now available commercially in recombinant
forms for clinical use worldwide.

2. G-CSF

2.1. Overview
Granulocyte-CSF is produced primarily by monocytes/macrophages, fibroblasts, and endothelial

cells (2). Two different genes encoding the amino acid sequence of G-CSF were initially isolated
independently from different tissue sources. Nagata et al. isolated cDNA for G-CSF, which encoded
a predicted amino acid sequence of 177 amino acids from a squamous cell line (3). Because of alter-
native mRNA splicing sites, Souza et al. isolated a different cDNA for G-CSF that coded for a
polypeptide of 174 amino acids from a bladder carcinoma cell line (4). The G-CSF gene is located on
chromosome 17 q21–22 near other genes involved in the development of neutrophilic granulocytes,
whereas the G-CSF receptor is encoded by a single gene on chromosome 1 p35–p34.3 (5). In its
native form, the G-CSF protein is O-glycosylated with a molecular mass of approximately 20 kDa.
Structurally, it is composed of four helices connected by amino acid loops, which contribute impor-
tantly to the molecule’s three-dimensional structure (6). Approved pharmaceutical forms of G-CSF
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for human use include a recombinant nonglycosylated protein expressed in Escherichia coli
(Filgrastim; Amgen, Thousand Oaks, CA) and a glycosylated form expressed in Chinese hamster
ovary cells (Lenograstim; Chugai Pharmaceuticals, Tokyo, Japan). Glycosylation stabilizes the mol-
ecule in vitro by suppressing polymerization and conformational changes (7). Furthermore, it confers
resistance to degradation by proteases in human serum (8). Both forms have similar biological activi-
ties and bioavailability following subcutaneous or intravenous administration.

In healthy persons, serum levels of G-CSF are 25 ± 19.7 pg/mL. During the acute stage of an
infection, serum levels of G-CSF increase by an average 30-fold; in endotoxin-induced shock, levels
rise to approx 200 ng/mL (9). This rise is mediated by bacterial products and inflammatory media-
tors, such as tumor necrosis factor-α (TNF-α) (10). G-CSF may also be a negative feedback signal
for the release of TNF-α; in rats, G-CSF suppresses sepsis-induced production of TNF-α (11).

The major target cells of G-CSF are neutrophil precursors and mature neutrophils (2). The essen-
tial role of G-CSF in the normal regulation of neutrophil development was demonstrated in the G-
CSF “knockout” mouse. Mice rendered G-CSF deficient by targeted disruption of the G-CSF gene in
embryonic stem cells developed chronic neutropenia, associated with a 50% reduction of granulocyte
precursor cells in the bone marrow. G-CSF knockout mice exhibited a markedly impaired ability to
control infection by Listeria monocytogenes and failed to developed sepsis-related neutrophilia (12).

In addition to the critical role of G-CSF in the regulation of granulopoiesis, interest has focused on
qualitative improvements in the host immune response, including specific neutrophil functional re-
sponses and cytokine production, mediated by G-CSF in vitro and in vivo. Administration of G-CSF
has been shown to enhance chemotaxis, respiratory (oxidative) burst, phagocytosis, and bactericidal
activity of neutrophils, as well as to stimulate surface expression of CD11b/CD18, FcγRII (CD32) and
FcγRIII (CD64) on neutrophils (13–15). These effects are apparent at a G-CSF dose of 0.5–1 µg/kg
(16). To evaluate the effects of G-CSF on neutrophil function, Allen et al. treated healthy human
volunteers with G-CSF daily for 2 wk and employed a chemiluminescence system for differential
measurement of oxidase and myeloperoxidase (MPO) dioxygenation activities in whole blood (17).
Opsonin-receptor-mediated phagocyte functions were also measured with this system. G-CSF induced
a dose-dependent neutrophil leukocytosis and a proportional increase in oxidase activity per volume
of blood. The specific oxidase activity per neutrophil was only mildly increased in response to G-CSF
treatment and remained relatively constant throughout the treatment period. In contrast, G-CSF treat-
ment caused large, time-dependent increases in phagocyte-mediated MPO-dependent responses (17).

2.2. Effects of G-CSF in Animal Models of Infection
In an experimental animal model, pretreatment with G-CSF has been shown to prevent sepsis-

related mortality in mice (18). In various other neutropenic and non-neutropenic animal studies
involving severe burns, intramuscular abscesses, streptococcal infections, pneumonias, viral infec-
tions, peritonitis, and sepsis, administration of G-CSF has been associated with reduced mortality
(overview in refs. 19 and 20). Rabbits with pneumonia induced 24 hours after transtracheal inocula-
tion of Pasteurella multocida were treated with penicillin and either G-CSF (5–8 µg/kg) or placebo
for 5 d (21). Although overall survival was only slightly improved (G-CSF: 77%; placebo: 67%), G-
CSF treatment was associated with significantly increased survival in a subgroup of animals with
sepsis-induced neutropenia (G-CSF: 57%; placebo: 39%). Because the survival benefit occurred
mostly within the first 24 h of treatment before significant differences in the mean white blood cell
(WBC) count between the two groups existed, leukocytosis was an unlikely explanation for im-
proved survival in the G-CSF-treated animals .

More pronounced survival benefits were observed in other studies in which G-CSF was adminis-
tered earlier in the course of infection and at higher dosages (50–100 µg/kg equivalent to 5–10 µg/kg
in humans). In a hemorrhage mouse model designed to examine the high risk of pneumonia in patients
with severe hemorrhage, mortality induced by Pseudomonas aeruginosa pneumonia was reduced
from 92% to 62% by prophylactic treatment with G-CSF (22). A similar treatment scheme also
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reduced the mortality of pneumonia caused by Klebsiella pneumonia in rats suffering from acute
ethanol intoxication from 90% to 10% (23). In this study, G-CSF enhanced granulocyte recruitment
to the lungs, which was inhibited by alcohol intake. Similar G-CSF-mediated effects were observed
following experimental Streptococcus pneumoniae pneumonia in splenectomized mice with impaired
bacterial clearance, where G-CSF improved bacterial clearance and decreased the number of viable
pneumococci in tracheobronchial lymph nodes compared with saline-treated controls (24).

Prophylactic administration of G-CSF also increased survival from 38% to 78% in non-neutro-
penic rodents with E. coli peritonitis (25). Bactericidal activity was significantly increased in neutro-
phils recovered from the peritoneal cavities of G-CSF-treated animals compared to neutrophils
recovered from control animals. These observations suggested that enhancement of the cellular arm
of the immune response by G-CSF improved survival (25).

In a model of neonatal sepsis, newborn rats were inoculated with group B streptococcus and
simultaneously treated with G-CSF or placebo (26). Treatment with appropriate antibiotics was initi-
ated in some animals 24 h following inoculation with bacteria. Seventy-two hours after inoculation,
animals that received neither antibiotics nor G-CSF had a survival rate of 4%. Animals treated with
antibiotics alone had a 28% survival rate, whereas 91% of the rats treated with antibiotics and G-CSF
survived.

Significant synergistic effects on survival by treatment with G-CSF plus antibiotics were con-
firmed by other studies in septic animals (27). Although granulocyte-mediated lung injury was
enhanced by G-CSF in animals administered HCl intratracheally or cyclophosphamide systemically
(28), treatment with G-CSF was not associated with increased neutrophil-related tissue damage in
animal models of sepsis (17).

Table 1 summarizes studies reporting efficacy of G-CSF in animal models of infection. On the
basis of the above physiologic and animal studies, many clinical trials have analyzed the effects of G-
CSF as an adjuvant to antibiotics in the treatment of human infections in both neutropenic and non-
neutropenic patients.

2.3. Clinical Studies of G-CSF for the Prevention or Treatment of Infection
2.3.1. Therapeutic Use of G-CSF in Neutropenic Patients

Currently, G-CSF is widely employed therapeutically for the treatment of clinical neutropenia,
including neutropenia secondary to chemotherapy, radiotherapy, or myelosuppressive drugs, as well
as idiopathic neutropenia, leukemia associated with neutropenia, and aplastic anemia (29–31). Based

Table 1
Animal Models Reporting Efficacy of G-CSF for Treatment of Infection

Authors Animal Infection and treatment Outcome in G-CSF animals

Smith et al. (22) Rabbit Pneumonia, Significant increase in survival
penicillin/G-CSF vs
penicillin/placebo in
neutropenic animals

Abraham et al. (23) Mouse Prophylactic G-CSF in Mortality reduced from 92% to 62%
pneumonia after hemorrhage

Dunne et al. (25) Rat Prophylactic G-CSF in Increased survival from 38% to 78%
E. coli peritonitis

Cairo et al. (26) Rat, neonatal G-CSF 72 h after inducing Significant increase in survival with
group B streptococcal sepsis G-CSF plus antibiotics

Lundblad et al. (11) Rat G-CSF 4 h after inducing Reduced mortality rate from 96% to
intra-abdominal sepsis 42%; no neutrophil-mediated tissue

damage
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on randomized trials conducted in patients with chemotherapy-induced neutropenia, G-CSF has been
approved to accelerate marrow recovery after standard-dose therapy for solid tumors and hemato-
logical malignancies (32,33). Accelerated reversal of neutropenia leads to a decrease in the incidence
of infection after standard regimens and fewer days with infectious and febrile neutropenic episodes
during recovery from bone marrow transplantation. The decrease in morbidity is associated with
shorter hospitalization times and reduced administration of parenteral agents (34). Many ongoing
studies are now focused on the use of G-CSF to accelerate myeloid recovery following dose-inten-
sive chemotherapy, with the goal of improving overall survival for patients with various malignan-
cies. Furthermore, many studies have investigated the mobilization of CD34+ hematopoietic stem
cells from the marrow to the peripheral blood (PBSCs) for use in hematopoietic transplantation, in
lieu of bone marrow cells (reviewed in ref. 35). The results of these investigations have led to major
changes in clinical practice, including an overall reduction in the duration of hospitalization as a
result of the more rapid repopulation of marrow and recovery of blood counts in most patients receiv-
ing PBSC transplantation compared to patients receiving conventional bone marrow transplantation.
However, it has yet to be established whether dose intensification of chemotherapy facilitated by the
use of G-CSF or stem cell support affects remission rates or survival (34).

Patients with congenital, idiopathic, or cyclic neutropenia have frequent and severe infections as a
result of diminished neutrophil production and chronic neutropenia (36). Prior to the availability of
human growth factors, no predictably effective therapy was available for these disorders (review in
ref. 37). It is now known that more than 95% of these patients will respond promptly to G-CSF
treatment (37). In general, toxic and adverse events are not clinically troublesome and seldom neces-
sitate discontinuing therapy (38). However, data from the Severe Chronic Neutropenia International
Registry have identified 23 of 249 patients with congenital neutropenia treated with G-CSF who have
developed myelodysplasia or acute myelogenous leukemia within an average follow-up period of 4.5
yr (38). In contrast, no malignant transformation has been observed in patients with cyclic or idio-
pathic neutropenia who were treated with G-CSF. However, the possibility of malignant transforma-
tion and other bone marrow alterations requires continued careful monitoring.

2.3.2. Use of G-CSF in Granulocyte Transfusion Therapy

Because neutropenia remains the major risk factor for the development of severe bacterial and
fungal infections in patients undergoing hematopoietic stem cell transplantation and intensive che-
motherapy of malignant diseases, the transfusion of normal neutrophils has long been considered as
a logical approach to the treatment of such infections (39). The infusion of granulocytes to restore
host defense has been studied for more than 60 yr. Beginning early in this decade, several research
groups began using hematopoietic growth factors to study their effects on neutrophil formation and
function in normal subjects. It was quickly learned that G-CSF will rapidly and dramatically elevate
the circulating neutrophil count in normal individuals. Administration of G-CSF to normal subjects
allows for collection of (40–80) × 109 neutrophils, a sufficient quantity of cells to increase the periph-
eral blood neutrophil counts to normal levels when transfused in severely neutropenic patients (40).
Moreover, neutrophil levels are maintained at or near normal levels for many hours after transfusion
of cells from G-CSF-stimulated donors, possibly because G-CSF promotes cell survival by exerting
an antiapoptotic effect on neutrophils (41).

Recently, the feasibility of a community blood bank granulocyte transfusion program utilizing
community donors stimulated with a single-dose regimen of subcutaneous G-CSF plus oral dexam-
ethasone was examined (42). The recipients of these transfusions were neutropenic hematopoietic
stem cell transplantation patients with severe bacterial or fungal infections. Nineteen patients received
165 transfusions (mean: 8.6 transfusions/patients; range: 1–25). Ninety-four percent of the 175 donors
providing transfusions were community donors, whereas only 6% of donors were relatives of the
transfusion recipients. Sixty percent of the community donors initially contacted agreed to partici-
pate, and 98% of these individuals indicated a willingness to participate again. Adverse donor side
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effects, such as bone pain and headache, likely attributable to G-CSF and/or dexamethasone, were
relatively common but usually no more than mild to moderate in degree. Bone pain, headache, and
insomnia, most likely an effect of dexamethasone, occurred in 41%, 30%, and 30% of the donors,
respectively. Transfusion of (81.9 ± 2.3 × 109 neutrophils (mean ± SD) resulted in a mean 1-h
posttransfusion neutrophil increment of (2.6 ± 2.6) × 109/µL and restored the peripheral neutrophil
count to the normal range in 17 of the 19 patients. The buccal neutrophil response, a measure of the
capacity of neutrophils to migrate to tissue sites in vivo, was restored to normal in most patients
following transfusion. Chills, fever, and arterial oxygen desaturation of ≥ 3% occurred in 7% of the
transfusions, but these changes were not sufficient to limit therapy. Infection resolved in 8 of 11
patients with invasive bacterial infections or candidemia, indicating that transfusion of neutrophils
can restore a severely neutropenic patient’s blood neutrophil supply and neutrophil inflammation
response, thereby reducing the risk of lethal infections.

2.3.3. Therapeutic Use of G-CSF in Neonatal Sepsis
Because of the immaturity of the immune system, neonates, especially those who are premature or

have low birth weight, are predisposed to severe infections with bacterial pathogens—in particular,
group B streptococci (43). Neutropenia resulting from an exhaustion of the neutrophil reserves is
believed to be a major pathogenic mechanism predisposing to such infection (44). A randomized trial
was performed in 42 newborns (26–40 wk of age) with presumed bacterial sepsis within the first 3 d
of life (45). The patients were randomized to receive either placebo (9 patients) or varying doses of
G-CSF (1, 5, or 10 µg/kg every 24 h (27 patients), or 5 or 10 µg/kg every 12 h (6 patients) on d 1, 2,
and 3). Intravenous G-CSF was well tolerated, with no acute toxicity recognized. A significant in-
crease in the peripheral blood neutrophil count was observed within 24 h in patients receiving 5 or 10
µg doses every 12 and 24 h. This response was sustained through 96 h. An increase in the neutrophil
storage pool was observed at these dosages, as well as an increase in expression of CD11b/CD18, a
neutrophil phagocytic and adhesion receptor, at 24 h in patients receiving 10 µg/kg of G-CSF every
24 h. These studies demonstrate that administration of G-CSF to neonates is safe, and larger con-
trolled clinical trials are underway to examine the effects of G-CSF on infectious morbidity and
mortality in the newborn.

2.3.4. Use of G-CSF in Fungal Infections
The rates of opportunistic fungal infections have increased substantially in both Europe and North

America (46). Because neutrophils constitute the main mechanism of host defense against fungi,
including Candida and Aspergillus species, these infections occur predominately in patients with
neutropenia or impaired neutrophil function (47). Because G-CSF not only increases neutrophil num-
ber but also modulates various physiological properties of the neutrophils, interest has been directed
toward the potential use of G-CSF in the therapeutic approach to fungal infections. The administra-
tion of G-CSF (300 µg/d subcutaneously) to five healthy volunteers for 6 d significantly enhanced
neutrophil-mediated damage of Candida albicans pseudohyphae by 33% (p = 0.007) on d 2 and by
44% (p = 0.04) on d 6 (48). However, fungicidal activity against hyphae from either Fusarium solani
or Aspergillus fumigatus did not significantly change during the study period. In a mouse model of
subacute or chronic disseminated Candida infection, G-CSF was less effective, indicating that neu-
trophil recruitment and activation are crucial in acute candidiasis, whereas other host defense mecha-
nisms control the outcome of less overwhelming Candida infection (49). Controlled clinical trials
would be necessary to establish a role for G-CSF as an adjunctive immunomodulatory agent in fungal
infections.

2.3.5. Therapeutic Use of G-CSF in Non-Neutropenic Patients with Infections
The safety and survival data from animal models of infection, combined with the favorable toxic-

ity profile in humans, have led to several clinical trials of G-CSF as adjunctive therapy in the treat-
ment of infections in non-neutropenic patients. The rationale for these studies has been to enhance
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the number and functional activities of preformed neutrophils in order to promote recovery from or
prevention of local or systemic infections. Sepsis prophylaxis is a promising indication for the use of
G-CSF in non-neutropenic patients where the time-point for risk of infection is known or can be
anticipated (surgery, trauma, burn, local infection). To date, information is available from several
studies in patients with pneumonia and patients with insulin-dependent diabetes mellitus and foot
infections, as well as small trials in a variety of other conditions (reviewed in ref. 50).

2.3.5.1. PNEUMONIA

Pneumonia continues to be a leading cause of death in the United States, and resolution of infection
is dependent on neutrophil function (51). In a double-blind, controlled, multi-center trial with commu-
nity-acquired bacterial pneumonia, 756 patients were enrolled to receive intravenous antibiotics plus
either G-CSF (300 µg/d for up to 10 d; n = 380) or placebo (n = 376) (52). Outcome measures included
time to resolution of morbidity (TRM), 28-d mortality, length of stay, and adverse events. A microbial
cause for pneumonia was identified in 56% of patients, and antimicrobial use was judged to be appro-
priate in 98% of the patients by an independent review group. Administration of G-CSF increased the
peripheral blood neutrophil count threefold, but TRM, mortality, and length of hospitalization were
not affected. However, the time to resolution of infiltrates was significantly more rapid in the G-CSF-
treated group, and only one patient developed empyema as compared to six patients in the placebo
group (p = 0.068). Not only was the administration of G-CSF safe and well tolerated, but also the
development of sepsis-related organ failure acute respiratory distress syndrome (ARDS) and dissemi-
nated intravascular coagulopathy (DIC) was significantly (p < 0.017 and p < 0.007, respectively)
reduced in the G-CSF recipients. The clinical benefits of G-CSF therapy appeared to be more pro-
nounced in the subgroup of patients with multilobar pneumonia. In two recent studies, administration
of G-CSF to patients with severe community-acquired pneumonia or nosocomial pneumonia did not
alter morbidity or mortality (53,54).

2.3.5.2. DIABETIC FOOT INFECTION

Foot infections are an important problem in diabetic patients. Extensive surgery and antibiotic
therapy are often necessary to achieve resolution of infection. However, because of a lack of neutro-
philia in diabetes and impaired superoxide generation in neutrophils from diabetic patients, G-CSF
would appear to be a reasonable candidate for adjuvant therapy in the treatment of severe foot infec-
tions. Gough et al. conducted a randomized double-blind, placebo-controlled trial with G-CSF in 40
insulin-dependent diabetic patients with foot infections (55). On admission, patients were randomly
assigned to receive G-CSF (n = 20) or placebo (n = 20) for 7 d. Both groups were treated with similar
antibiotic and insulin regimens. G-CSF treatment was associated with significantly earlier eradica-
tion of pathogens (median: 4 vs 8 d), quicker resolution of cellulitis (median: 7 vs 12 d), a shorter
hospital stay (median: 10 vs 17.5 d), and a shorter duration of antibiotic treatment (median: 8.5 vs
14.4 d). No G-CSF-treated patient required surgery, whereas two placebo recipients underwent
amputations and two required extensive debridement under anesthesia. G-CSF therapy was generally
well tolerated. Neutrophil superoxide production was also measured and found to be low in the dia-
betic patients compared with normal controls at the start of therapy. After 7 d of G-CSF treatment,
neutrophil superoxide production was significantly greater in the G-CSF group than in the placebo
group. These encouraging results provide support for further studies of G-CSF in diabetic patients
with severe infections.

2.3.5.3. HIV INFECTION

Neutropenia has been identified as an important independent risk factor for the development of
infectious complications in human immunodeficiency virus (HIV)-infected individuals (56). The
administration of G-CSF has reversed or prevented neutropenia even during periods of full-dose
myelotoxic therapy in HIV patients (57). Furthermore, G-CSF has improved defective neutrophil
function in vitro and in vivo in the setting of HIV infection (57). In a study of 258 moderately neutro-
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penic HIV-infected patients, G-CSF treatment significantly reduced the incidence of severe neutro-
penia and bacterial infections (58). G-CSF-treated patients also had 54% fewer severe bacterial
infections, and 45% fewer days of hospitalization were required for the management of any bacterial
infection. In another clinical study, 30 acquired immunodeficiency syndrome (AIDS) patients were
randomized to receive 5 d of treatment with rifabutin, G-CSF, or both (59). The capacity to kill
Mycobacterium avium was assessed in neutrophils harvested from each patient before intervention,
during therapy (d 4), and after therapy (d 7). A 90% reduction in M. avium growth was observed after
therapy for patients treated with G-CSF alone (p = 0.01), whereas a reduction in growth of 59% and
11% were observed for patients treated with both agents (p = 0.06) and with rifabutin alone (p =
0.84), respectively.

Interleukin-2 (IL-2) production in HIV-infected patients is depressed and may contribute to de-
creased lymphocyte proliferation and reduced generation of cytotoxic T-lymphocytes (60). Adminis-
tration of G-CSF to patients with advanced HIV infection has been shown to improve the production
of IL-2 in whole blood ex vivo (60).

2.3.5.4. TRAUMA AND SURGICAL PROPHYLAXIS

Various other smaller studies have shown beneficial effects of G-CSF therapy in non-neutropenic
infectious conditions. In a pilot study with 20 polytraumatized patients and patients undergoing ma-
jor surgery with a high risk of developing sepsis, prophylactic administration of G-CSF improved the
neutrophil oxidative burst and reduced the number of episodes of sepsis (G-CSF: 0; placebo: 3) (61).
Thirty-seven patients who received G-CSF beginning the first day after liver transplantation had
significantly reduced rejection, sepsis, and sepsis-related mortality compared with grafted patients
who did not receive G-CSF (62). Endo et al. treated 24 patients with sepsis-induced granulocytopenia
who had failed to respond to antibiotics with low-dose G-CSF (75 µg/d) for 5 d (63). Leukocyte
counts increased ninefold in 19 survivors, whereas 5 nonresponders died. Thus, G-CSF may favor-
ably modulate the host immune response during the “immune paralysis” of late sepsis.

Because esophagectomy for patients with esophageal carcinoma is associated with substantial
infectious complications, the use of G-CSF to reduce the number of postoperative infections in this
patient population was investigated (64). Nineteen patients were treated perioperatively by daily
administration of G-CSF for 10 d beginning 2 d before surgery. Their outcome was compared histori-
cally with 77 patients with esophageal cancer who did not receive G-CSF. Within the first 10 d after
surgery, 23 untreated patients but none of the G-CSF-treated patients developed infections (29.9% vs
0%; p = 0.005). Following cessation of G-CSF therapy, two cases of infection developed in the G-
CSF-treated group compared to six additional cases of infection in the untreated group (10.5% vs
37.7%; p < 0.05). The rate of fatal hospital infections was reduced in the G-CSF group, but not
significantly (G-CSF patients: 0%; historical controls: 9%). During G-CSF treatment, the investiga-
tors found an increase in neutrophil phagocytosis, neutrophil oxidative burst, and protective serum
cytokines, respectively, which might explain the reduced infection rate.

Table 2 provides an overview of studies examining the use of G-CSF for the treatment of clinical
infections. To date, clinical studies indicate a potential use of G-CSF to reduce neutropenic and non-
neutropenic infectious complications. However, only large controlled clinical trials will define the
impact of G-CSF on the prevention and treatment of specific infections, particular in patients with
compromised granulocyte reserves or function.

3. GM-CSF

3.1. Overview

The principal cellular sources of GM-CSF are monocytes/macrophages, fibroblasts and endothe-
lial cells (2). GM-CSF promotes growth and differentiation of multipotential hematopoietic progeni-
tor cells and stimulates physiologic activity of neutrophils, eosinophils, and monocytes/macrophages
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(2). However, GM-CSF appears not to play an essential role in normal neutrophil development, as
shown by studies in the GM-CSF “knockout” mouse (65). Mice lacking GM-CSF have impaired
pulmonary homeostasis, manifested as alveolar proteinosis, and increased splenic hematopoietic pro-
genitors. However, steady-state hematopoiesis is not impaired (65). Murine GM-CSF was cloned in
1984, followed by the cloning of human GM-CSF in 1985 (66). The single copy of the gene-encoding
human GM-CSF is located on chromosome 5, region 5q21–5q32 (67). Other genes in this area in-
clude those for M-CSF, interleukin (IL)-3, IL-4, and IL-5. In knockout mice lacking functional IL-3,
GM-CSF, and IL-5, no hematological defect other than a reduced number of eosinophils was found,
indicating a functional overlap with other cytokine systems for hematopoiesis (68). Deletions in this
region have been reported in therapy-related myelodysplastic syndromes, acute leukemias, and re-
fractory anemia with morphologic abnormalities of the megakaryocytes (69).

The initial GM-CSF polypeptide consists of 144 amino acids that undergoes cleavage of a 17-
amino-acid segment from the amino terminus, resulting in a mature protein of 127 amino acids with
4 α-helices and two β-sheets in a bilobed configuration (70). Because of glycosylation of two serine
residues near the amino terminus and the variable N-linked addition of complex carbohydrate at two
sides, the molecular weight varies between 14.5 and 35 kDa (71). Commercial, nonglycosylated GM-
CSF is expressed in E. coli (Molgramostim; Sandoz Ltd, Basel, Switzerland), and the commercial
glycosylated form is a yeast-derived GM-CSF (Sargramostim; Immunex Corp., Seattle, WA). The
lack or presence of glycosylation does not appear to affect the primary actions of the molecule but
may alter its pharmakokinetics. In a study conducted in healthy volunteers, the serum concentration
of the nonglycosylated form reached a higher level more rapidly, which also decreased more quickly
than the glycosylated form (72). Therefore, the profile of the side effects of both molecules are differ-
ent. The glycosylated form has a lower incidence of side effects in humans than does the form de-
rived from bacteria (73).

To clarify the effects of glycosylated GM-CSF on neutrophil and monocyte function and the
mechanisms of neutrophilia caused by this cytokine, recombinant human GM-CSF was administered

Table 2
Clinical Studies of G-CSF for the Prevention or Treatment of Infection.

Authors Study population Treatment Outcome in G-CSF patients

Trillet-Lenoir 130 patients with G-CSF vs placebo Significant decrease in neutropenic
et al. (33) small-cell lung on d 4–17 fever, parenteral antibiotics, infection-

CDEa chemotherapy cancer receiving related hospitalization and delay of
next cycle

Gillan et al. (45) 42 newborns with Prophylactic G-CSF Significant increase in blood neutro-
presumed bacterial versus placebo phils and functional activation of
sepsis neutrophils in a subgroup of patients;

no acute toxicity
Nelson et al. (52) 756 patients with Antibiotics plus G-CSF Significant acceleration of radiologic

community-acquired or placebo improvement; significant reduction
bacterial pneumonia of sepsis-related organ failures; no

differences in TRM and mortality
Mitsuyasu (58) 258 HIV-infected Prophylactic G-CSF Significant decrease in severe

patients neutropenia and bacterial infections
Gough et al. (55) 40 insulin-dependent Antibiotics plus G-CSF Significant improvement in eradication

diabetic patients with versus placebo of pathogens, resolution of cellulitis,
foot infections hospital stay and intravenous antibi

otic treatment

aCDE: cyclophosphamide, doxorubicin, etoposide.
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to seven normal volunteers for periods of up to 14 d (74). Each subject received GM-CSF at a dose of
250 µg/m2/d subcutaneously. This schedule of daily injection caused symptoms in all subjects. Itch-
ing and redness at the injection side, bone pain, and headache were the most common symptoms. In
addition, all individuals developed eosinophilia. During treatment, blood neutrophil counts rose gradu-
ally to peak at a level 3.5-fold greater than baseline by d 14. Marrow aspirates on d 5 of GM-CSF
treatment showed a statistically significant increase in the proportion of promyelocytes and myelocytes,
accompanied by a significant decrease in band and segmented neutrophils. The transit time through the
postmitotic marrow pool accelerated (normal = 6.4 d, GM-CSF = 3.9 d; p < 0.01). Treatment caused
minimal effects on either the blood neutrophil half-life or the neutrophil turnover rate. The migration of
neutrophils to skin chambers was significantly decreased by GM-CSF. The buccal neutrophil response
was reduced during GM-CSF treatment in four of five subjects, but the responses were quite variable
and the differences were not significant. Treatment increased expression of CD11b/CD18 but not Fcγ
receptors. Treatment also stimulated the in vitro neutrophil respiratory burst in response to a variety of
agonists, and this enhancement persisted for the duration of treatment.

3.2. Effects of GM-CSF in Animal Models of Infection

The protein sequence homology between human and murine GM-CSF is only 60% (66). Even
monkeys have developed antibodies against GM-CSF following administration of human GM-CSF.
Thus, animal models to study recombinant GM-CSF have been relatively limited (1,66).

Neutrophil production and function are compromised in neonatal rats during infection. The pro-
phylactic intraperitoneal administration of murine GM-CSF to neonatal rats 6 h prior to a 90% lethal
dose challenge of Staphylococcus aureus significantly improved survival (75). In another study in
which human GM-CSF was given after infection to neonatal rats, GM-CSF-treated animals had a
higher survival rate than control animals (76). In group B streptococcal infection, the administration
of penicillin plus GM-CSF decreased the mortality rate substantially as compared to antibiotics alone
(77). However, in a rat model of intraperitoneal infection by cecal ligation and puncture, GM-CSF
failed to enhance survival above that of control animals (78). Moreover, the mortality rate was higher
and animals died earlier after receiving GM-CSF. Inhibition of leukosequestration in the peritoneal
cavity was also observed. The liver of GM-CSF-treated rats showed centrilobular degeneration and
necrotic changes. These conflicting data raise questions concerning the immunomodulatory role of
GM-CSF. In infection, no systemic GM-CSF levels can be detected, so it is likely that endogenous
GM-CSF plays its major physiological role in the immediate vicinity of the cells by which it is
secreted (79). Exposure of macrophages to GM-CSF primes them for enhanced release of inflamma-
tory cytokines when triggered by lipopolysaccharides (LPS), including IL-1, TNF, and IL-6 (80).
After intravenous challenge with endotoxin, mice pretreated with GM-CSF at a dose that did not
induce neutrophilia exhibited a significant increase in TNF-α, and a nonlethal dose of endotoxin
became lethal (81). In contrast, pretreatment with G-CSF in the same study raised the neutrophil
count by 78% but did not enhance TNF-α expression.

A critical role for GM-CSF in pulmonary host defense was recently demonstrated in mice ren-
dered deficient in GM-CSF by targeted gene disruption (82). In these mice, susceptibility to group B
streptococcal pneumonia was increased. Additionally, administration of GM-CSF was therapeuti-
cally beneficial in a mouse model of disseminated M. avium complex (MAC) infection (83). MAC
synthesizes superoxide dismutase, which can inactivate macrophage-derived superoxide anions as
well as enzymes which can hinder superoxide production. However, stimulation of MAC-infected
macrophages by GM-CSF was shown to increase production of reactive oxygen species and enhance
mycobacteriostatic/mycobactericidal activity in vitro and in vivo. In this study, a significant reduc-
tion in the number of viable bacteria was observed in the blood, liver, and spleen of mice treated with
a combination of GM-CSF and antimicrobial agents compared with control mice and those treated
with GM-CSF or antimicrobials alone.
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Considerable research efforts have been devoted toward the potential use of GM-CSF as an adjunc-
tive treatment for fungal infection. In one study in mice, the use of GM-CSF led to significantly en-
hanced survival during 15 d associated with clearing of C. albicans from the liver and spleen, but not
from the kidney (84). In a neutropenic mouse model, GM-CSF was administered prophylactically prior
to experimental C. albicans, P. aeruginosa, or S. aureus infection (85). Prophylactic GM-CSF pro-
tected against lethal infection, resulting in increased numbers of survivors. In another study, GM-CSF
was given to mice for 7 or 14 d beginning 4 wk after CD4+ T-lymphocyte depletion and infection with
P. carinii (86). As compared to a control group that did not receive GM-CSF treatment, the investiga-
tors found a significant decrease in the intensity of infection by histological examination of lung tissue
and a reduced inflammation score (which did not reach statistical significance). Alveolar macrophages
from mice treated with GM-CSF released significantly more TNF-α than cells from control mice after
in vitro stimulation with LPS alone or with LPS plus murine recombinant interferon-γ (IFN-γ).

Table 3 provides an overview of animal studies examining the use of GM-CSF for treatment of
infections. Overall, data from animal models of acute infection support a protective role for GM-CSF
when administered prophylactically. However, the protective actions of GM-CSF may be accompa-
nied and counterbalanced by an exaggerated systemic inflammatory cytokine response. In certain
circumstances, especially when severe infection is already present, GM-CSF may have detrimental
effects if administered alone, although it may be useful as an adjuvant to antibiotic therapy.

3.3. Studies of GM-CSF for the Prevention and Treatment of Infection
3.3.1. Therapeutic Use of GM-CSF in Neutropenic Patients

Similar to G-CSF, the predominant clinical use of GM-CSF is in the treatment of neutropenia. Its
efficacy was evaluated in patients with cancer chemotherapy-induced myelosuppression (87), patients
who had been accidentally exposed to cesium-137 (70), and patients undergoing bone marrow or
peripheral hematopoietic stem cell transplantation (reviewed in ref. 88). Moreover, considerable in-
terest has focused recently on the use of GM-CSF for ex vivo expansion of hematopoietic stem and
progenitor cells for a variety of applications, including in vitro tumor cell purging and the reduction
in the volume of blood required for processing leukapheresis (88).

Table 3
Animal Studies Reporting Efficacy of GM-CSF for Treatment of Infection

Authors Animal Infection and treatment Outcome in GM-CSF animals

Frenck et al. (75) Rat, neonatal Prophylactic GM-CSF Significant increase in survival
prior to a 90% lethal dose
of S. aureus

Givner et al. (77) Rat, neonatal Penicillin alone versus Significant decrease in mortality rate
penicillin + G-CSF

Toda et al. (75) Rat GM-CSF in peritonitis No enhanced survival; higher mortal
ity rate compared to controls

Bermudez et al. (83) Mouse Antibiotics alone versus Significant reduction of bacteria in
antibiotics + GM-CSF in the blood, liver, and spleen
disseminated M. avium
complex infection

Liehl et al. (84) Mouse GM-CSF in C. albicans Significant increase in survival and
infection clearance of pathogen from the liver

and spleen, but not from the kidney
Mayer et al. (85) Mouse Prophylactic GM-CSF in Protection against lethal infection

neutropenic mice with C.
albicans, P. aeruginosa,
or S. aureus infection
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In a retrospective study, the incidence of infection in patients receiving GM-CSF following
autologous bone marrow transplantation was compared to a group of patients who did not receive
GM-CSF treatment (89). From the day of transplantation to 28 d posttransplantation, when both
groups had severe neutropenia, 40% (38 of 95) of control patients developed infection compared to
only 13% (6 of 46) of GM-CSF-treated patients (p = 0.001). In GM-CSF-treated patients, there was a
trend toward fewer fungal infections, Gram-negative bacterial infections, and pulmonary infections.
Patients who did not receive GM-CSF experienced more days of treatment with amphotericin B (p =
0.0305) and intravenous antibiotics (not significant). Two control patients, but no GM-CSF-treated
patients, died because of infection before d 28. Along with other findings, these results demonstrate
that prophylactic GM-CSF can reduce infectious complications in specific clinical settings.

Similar to G-CSF, GM-CSF has the ability to support engraftment following bone marrow or
hematopoietic stem cell transplantation and to induce the mobilization of hematopoietic progenitor
cells into the peripheral blood for collection and use in subsequent autotransplantation (84). The
latter procedure has facilitated further intensification of standard chemotherapy protocols in order to
enhance tumor response to cytotoxic agents. Patients receiving hematopoietic stem cells collected
following GM-CSF-induced mobilization experience faster recoveries of neutrophil counts and plate-
let counts, thereby reducing the costs for antibiotic therapy and platelet transfusions (90). In leuke-
mic patients receiving T-cell-depleted allogeneic bone marrow transplantation, GM-CSF may induce
antileukemic mechanisms in monocytes, such as the secretion of pro-inflammatory mediators or the
stimulation of antibody-dependent cellular cytotoxicity (91). The use of GM-CSF in such patients
may minimize the incidence of tumor relapse and accelerate engraftment.

As mentioned previously, GM-CSF exerts effects on a large population of target cells. Therefore,
it is not surprising that investigators have tried administration of this growth factor to patients with
aplastic anemia. Although GM-CSF treatment may be beneficial in the early stages of aplastic ane-
mia, clinical results have been disappointing in later stages of disease associated with progressive
hypocellularity of the bone marrow (92). A greater benefit was evident when administration of GM-
CSF was combined with other cytokines, such as IL-1 or IL-3, which act at earlier stages of hemato-
poietic development (93).

Yoshida et al. examined the effects of long-term treatment with GM-CSF in 61 patients with
myelodysplastic syndrome (MDS) who were randomized to receive GM-CSF on a daily schedule at
a dose of 60 µg/m2, 125 µg/m2, or 250 µg/m2 for 8 wk (94). In all three groups, neutrophil counts and
eosinophil counts increased within 1 wk after the start of treatment. There were no consistent changes
in other cell lineages, including monocytes, lymphocytes, reticulocytes, or platelets, but peak levels
of these cells were significantly higher as compared with the baseline levels. Infectious complica-
tions were reduced in the groups of patients receiving higher doses. In this trial, GM-CSF therapy
was generally well tolerated, and no serious side effects were observed. However, as reported by
Lieschke and Burgess, patients with MDS who have ≥ 14% marrow blasts before GM-CSF therapy
are at risk of developing acute myeloid leukemia (AML) during GM-CSF treatment (95).

3.3.2. Use of GM-CSF in Fungal Infections
Candida and Aspergillus species have been consistently noted as the most important opportunistic

fungal pathogens in cancer patients (96). GM-CSF has been shown to inhibit fungal growth in a
number of systems. Specifically, GM-CSF increased the cytotoxicity of human monocytes and mac-
rophages isolated from the lamina propria of the intestine against C. albicans (97). Furthermore, the
use of GM-CSF and pentoxifylline, a xanthine derivative that may preserve neutrophil migration
during GM-CSF administration, was reported to be effective for treatment of a patient with invasive
candidiasis resulting from C. albicans (98).

The ability of proinflammatory cytokines to enhance the host immune response during fungal
infection was evaluated in isolated neutrophils and buffy coat cells from healthy donors (99). The
study compared the differential effects of IFN-γ, G-CSF, and GM-CSF in vitro on hyphal damage of
A. fumigatus, F. solani, and C. albicans. IFN-γ significantly enhanced neutrophil-mediated damage
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to the hyphal and pseudophyphal forms of the three opportunistic fungi studied. Additionally, IFN-γ
also significantly enhanced the antifungal activity of buffy coat cells against all three fungi. The
colony-stimulating factors G-CSF and GM-CSF were less effective. G-CSF increased hyphal dam-
age mediated by both neutrophils and buffy coat cells against F. solani, and GM-CSF augmented the
antifungal activity of buffy coat cells against hyphal forms of both F. solani and C. albicans. The
observations provide further experimental support for the use of cytokines as an adjunct to conven-
tional antifungal therapy in the treatment of infections because of opportunistic fungal pathogens.

3.3.3. Overview of Clinical Studies Investigating Administration of GM-CSF for Various
Conditions

In vitro, GM-CSF potentiated the recruitment of blast cells into active phases of the cell cycle,
thereby increasing their sensitivity to cell-dependent cytotoxic drugs like cytarabine (90). This prop-
erty has been part of the rationale for the use of GM-CSF in patients with AML (100). Leukemic
progenitor cells, which express GM-CSF receptors on their cell surface, can be triggered into S-phase
by GM-CSF stimulation. However, based on current knowledge, GM-CSF should be used only in a
subset of AML patients at high risk of infection and in those patients who relapse or are resistant to
induction therapy (reviewed in ref. 101). The risk of stimulating the leukemic clone with GM-CSF
should be kept in mind, although the balance of evidence indicates that GM-CSF therapy does not
affect relapse rates, frequency of remissions, or patient life expectancy (101).

The possible induction of tumor cell cytotoxicity in leukocytes by GM-CSF may also help to
destroy cytokeratin-positive cells, such as in micrometastases. In a pilot study of patients with gastric
cancer, administration of GM-CSF activated monocytes, leading to a decrease in the number of
cytokeratin-positive cells in the bone marrow (102). GM-CSF treatment was also associated with a
reduction in the risk of relapse (102).

Oral mucositis in patients treated with intensive cancer chemotherapy or radiotherapy is a major
cause of dose reduction or treatment delay. Mucosal damage can be caused directly by cytotoxic
effects and indirectly by sustained neutropenia after cytostatic therapy. An impaired mucosal barrier
predisposes to life-threatening infectious complications and sepsis. Therefore, there is a great need
for effective prophylaxis and treatment of oral mucositis. Several studies have demonstrated the
efficacy of GM-CSF therapy in the treatment of oral mucositis after chemotherapy or radiotherapy.
Chi et al. evaluated the effects of GM-CSF on chemotherapy-induced oral mucositis in 20 patients
with stage IV squamous cell carcinoma of the head and neck (103). Patients were randomized to
receive either 4 µg/kg/d GM-CSF subcutaneously from d 5 to 14 or no therapy. Administration of
GM-CSF during the first cycle of chemotherapy significantly reduced the incidence, mean duration,
and mean area under the curve of severe oral gross mucositis. These beneficial clinical effects contin-
ued when patients were crossed over to not receive GM-CSF in the second cycle of chemotherapy.
Furthermore, GM-CSF administered in the second cycle to patients who did not receive GM-CSF
during the first cycle reduced the incidence of severe mucositis. In a small phase II study, 14 patients
undergoing surgery for oropharyngeal tumors received adjuvant radiotherapy at a dose of 2 Gy/d/wk
to a total dose of 64 Gy (104). All patients received GM-CSF treatment at the appearance of the
mucositis at 30 Gy. Five patients who had already presented mucositis at 30 Gy improved their
symptoms significantly during treatment with GM-CSF (from stage III to I or 0). Six patients had an
improvement from stage III to II or I, whereas three patients had no measurable benefit by the treat-
ment. A randomized phase III multicenter study of this treatment modality is in progress.

Beneficial modulation of host defense by GM-CSF has been demonstrated in a variety of clinical
studies of infectious diseases. It has been well documented that GM-CSF can inhibit the intracellular
replication of bacteria or protozoa. Macrophages, which provide a protected environment for micro-
organisms against extracellular concentrations of antibiotics because of limitations of endocytosis
and membrane permeability, are activated by GM-CSF to allow higher intracellular concentrations of
certain antimicrobial agents (105). Quantitative and qualitative defects in leukocytes of HIV-infected
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patients, which may be exacerbated by antiviral therapy, contribute to the high incidence of opportu-
nistic infections and neoplasms (90). Therapy with GM-CSF has been shown to increase both the
number and the function of neutrophils, monocytes, and eosinophils in HIV-infected individuals, as
well as to enhance the activity of certain antiretroviral drugs. In a randomized, double-blind study of
20 patients with AIDS receiving antiretroviral regimens, either GM-CSF or placebo was adminis-
tered three times a week for 8 wk (106). GM-CSF was well tolerated and increased the CD4+ lym-
phocyte count. Furthermore, a trend toward decreased HIV RNA (i.e., “viral load”) was noted in
patients receiving GM-CSF. Inflammatory cytokines and surrogate markers of disease progression,
such as IL-10 and soluble TNF receptors, remained stable during the course of GM-CSF treatment.

In acute visceral leishmaniasis, patients experience suppression of the immune system, associated
with abnormal production of cytokines, such as IL-2, IL-3, IFN-γ, and GM-CSF. This altered regula-
tion of cytokine production has been hypothesized to contribute to downregulation of the host
antileishmanial response (107). Administration of exogenous GM-CSF might increase inhibition of
leishmania proliferation in macrophages by altering the immune balance.

Table 4 provides an overview of reported clinical studies examining the use of GM-CSF for treat-
ment of infectious diseases.

4. COMPARISON OF G-CSF AND GM-CSF TOXICITIES
The clinical use of the hematopoietic growth factors G-CSF and GM-CSF may be summarized as

follows: (1) to increase the proliferation the normal hematopoiesis in marrow disorders, such as aplas-
tic anemia, cyclic neutropenia, and myelodysplastic syndromes; (2) to reduce infectious complica-
tions by increasing the absolute neutrophil count and the neutrophil function in cancer patients after
radiotherapy, conventional chemotherapy, or bone marrow or stem cell transplantation; (3) to en-
hance the number of circulating stem cells and neutrophils to allow stem cell transplantation and
granulocyte transfusion; and (4) to recruit tumor cells into the S-phase of the cell cycle to increase
their susceptibility to cytotoxic agents.

Table 4
Clinical Studies of GM-CSF for the Prevention or Treatment of Infection.

Authors Study population Treatment Outcome in GM-CSF patients

Nemunaitis et al. (89) 141 neutropenic patients Prophylactic GM-CSF Significant decrease in
following autologous bone versus placebo infection and use of
marrow transplantation amphotericin B

Yoshida et al. (94) 61 patients with MDSa Daily GM-CSF at doses Significant increase in
of 60, 125, or 250 µg/m2 neutrophils and eosino-
for 8 wk phils; reduced infections

in higher dose groups
Chi et al. (103) 20 patients with Prophylactic GM-CSF Significant decrease in

chemotherapy-induced versus no therapy incidence and mean
mucositis duration of severe mu

cositis
Skowron et al. (106) 20 HIV-infected patients GM-CSF three times/week  Increase of CD4+ count;

with antiretroviral therapy for 8 wk versus placebo trend toward decreased
HIV RNA

Badaro et al. (107) 20 neutropenic patients Supportive treatment with Significant increase in
with leishmaniasis GM-CSF versus placebo neutrophils, eosinophils,

for 10 d monocytes, and plate
lets; significant decrease
in secondary infections

aMDS myelodysplastic syndrome
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The clinical indications for the use of G-CSF and GM-CSF are very similar, and both growth
factors have been shown to play a valuable therapeutic role. However, the reason that G-CSF is
currently more widely employed clinically than GM-CSF is not only a result of marketing strategies
but also the spectrum of potential side effects. Extensive experience has been gained worldwide with
G-CSF therapy, and the most commonly reported side effect is mild to moderate bone and/or
muskulosceletal pain, seen in 20–30% of recipients (16,50). Aside from this effect, the safety profile
of G-CSF appears to be fairly innocuous, even after years of administration in patients with severe
chronic neutropenia. Aside from bone pain, the most common adverse effects have been anemia,
splenomegaly, thrombocytopenia, and injection-side reactions (108). Allergic reactions have been
rarely reported. In clinical trials, up to 2% of the patients developed skin reactions consistent with a
clinical diagnosis of cutaneous vasculitis (Sweet’s syndrome) (108). G-CSF has not produced dose-
limiting side effects, and adverse events decrease following discontinuation of treatment.

In contrast to the anti-inflammatory characteristics of G-CSF, GM-CSF treatment has been asso-
ciated with a greater number of more severe side effects because of its proinflammatory nature. The
most frequently reported side effect is fever, which occurs in >20% of patients and can serve as a
confounding factor in the evaluation of responses to the treatment of infection (109). Fever is often
accompanied by myalgias and a flulike syndrome. First-dose reactions, consisting of flushing, tachy-
cardia, hypotension, musculoskeletal pain, dyspnea, nausea, vomiting, and arterial oxygen
desaturation, have been reported in 5% of recipients (110). High doses (>15 µg/kg) have been re-
ported to cause a generalized capillary leak syndrome (111).

Although there is no convincing evidence to date that either G-CSF or GM-CSF has caused malig-
nant transformation or worsened the course of malignant diseases, careful evaluation of the clinical
application of either agent is recommended. In a human skin carcinoma model, tumor progression to
high-grade malignancy has been associated with constitutive expression and secretion of G-CSF and
GM-CSF, both in vitro and in vivo (112). The carcinoma cells expressed both G-CSF and GM-CSF
receptors, and both G-CSF and GM-CSF stimulated cell proliferation and migration in vitro. Addi-
tionally, both proliferation and migration were inhibited by neutralizing antibodies to G-CSF and
GM-CSF, respectively.

5. SUMMARY

In summary, both G-CSF and GM-CSF have the ability to upregulate phagocyte function. These
cytokines play critical roles in the host defense response during infection. As demonstrated in experi-
mental animal models of infection, G-CSF and GM-CSF can potentially be administered therapeuti-
cally to enhance pathogen eradication and decrease morbidity and/or mortality. However, this
therapeutic potential must be substantiated in controlled clinical trials, which are required to define
the proper role of G-CSF and GM-CSF therapy in the clinical management of specific infections.
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1. INTRODUCTION

Considerable progress has been made in the understanding of the pathogenesis of inflammation
and sepsis over the last 20 yr (1). One of the most significant achievement in this area has been the
recognition of the central role played by the innate immune system in the host defenses against inva-
sive pathogens. Innate immune responses are activated when a pathogen crosses the host natural
defense barriers. Soluble factors (acute-phase proteins and components of the complement and
coagulation systems) and pattern recognition receptors (CD14 and the Toll-like receptors [TLR])
expressed on cells of the myelo-monocytic lineage (monocytes, macrophages, neutrophils, dendritic
cells) are essential components of the host defense system. When bound to pattern recognition recep-
tors of innate immune cells, microbial products stimulate the production and release of a multitude of
effector molecules, including cytokines, that serve to activate the inflammatory and immune responses
whose aim is to eliminate the invasive micro-organism. The innate immune response must be tightly
regulated. Failure to mount an appropriate defense response might have dramatic consequences for
the host. On the one hand, quantitative or qualitative defects of the innate immune system may result
in overwhelming infections, whereas disproportionate inflammatory reactions may lead to vascular
collapse, tissue injury and multi-organ dysfunction, as is seen in patients with severe sepsis and
septic shock. Numerous studies have shown that high levels of proinflammatory cytokines are asso-
ciated with poor outcome in patients with septic shock. This has led investigators to postulate that
treatment strategies aimed at modulating the production of proinflammatory cytokines or at inhibit-
ing their activity, once they are released in tissues or in the systemic circulation, may improve the
outcome of patients with severe sepsis or septic shock. In this chapter, we will review the results
obtained in experimental animal models and in humans with anticytokine therapy.

2. PROINFLAMMATORY CYTOKINES

It is beyond the scope of this chapter to discuss the implication of every single proinflammatory
cytokine in the pathogenesis of sepsis. Detailed information about the biological activities of many
proinflammatory cytokines are available in several chapters of this book. Therefore, we will focus
our attention on interventions aimed at inhibiting classical proinflammatory cytokines and some re-
cently identified mediators of sepsis.
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2.1. Anti-Tumor Necrosis Factor-α Monoclonal Antibodies

Administration of anti-tumor necrosis factor (TNF)-α antibodies was found to be protective in
different animal models of endotoxemia (see Table 1). Blocking TNF-α protected mice injected ei-
ther with low doses of lipopolysaccharide (LPS) given together with D-galactosamine (2) or with
high doses of LPS (2–20 mg/kg) given alone (6,8). Yet, it failed to prevent death when the LPS dose
was greater than 50 mg/kg (10). Of note, animals were protected only when anti-TNF-α antibodies
were given either before or at the same time as LPS. Protection was lost when treatment was admin-
istered after the LPS. Anti-TNF-α antibodies also protected against death induced by the injection of
Escherichia coli, Staphylococcus aureus, or Gram-positive cell walls or exotoxins (11,18) (see Table
1). However, it did not protect against an intravenous challenge with Klebsiella pneumoniae (16) or
Streptococcus pyogenes (20). Immunoneutralization of TNF-α also failed to prevent death in most
experimental models of local infections such as peritonitis or pneumonia (24,50) (see Table 1). Yet,
favorable results have been observed in a rat model of Neisseiria meningitidis peritonitis (21) and in
a rat model of Pseudomonas aeruginosa sepsis (21).

During the last decade, several clinical trials have evaluated the efficacy of anti-TNF-α antibodies
in the treatment of severe sepsis and septic shock (93–100) (see Table 2). Anti-TNF-α therapy did
not increase survival in two initial phase II studies that included 80 and 42 patients with severe sepsis
and/or septic shock (93–94). The efficacy and safety of another murine monoclonal antibody
(BAYx1351) was then tested in three large multicenter studies. The North American Sepsis Trial
(NORASEPT I) evaluated the role of BAYx1351 in 971 patients with severe sepsis or septic shock
(95). Patients were stratified in two groups based on the presence or absence of septic shock and
randomized to receive a single infusion of 7.5 or of 15 mg/kg of anti-TNF-α monoclonal antibodies
or placebo. Septic shock occurred in 49% of the subjects included in the study. Overall, mortality
rates were similar in patients treated with anti-TNF-α antibodies or with placebo. However, within
the prospectively defined subgroup of patients with septic shock, anti-TNF-α therapy was associated
with a statistically significant reduction of mortality on d 3, 7, and 14, but not on d 28 (45.6% in the
placebo group, 37.7% in patients who received 7.5 mg/kg of anti-TNF-α antibody [p=0.20], and
37.8% in patients who received 15 mg/kg anti-TNF-α antibody [p=0.15]). The International Sepsis
Trial (INTERSEPT) evaluated the efficacy of BAYx1351 in patients with severe sepsis and septic
shock enrolled in 40 European centers (96). When the results of the NORASEPT I trial became
available, the enrolment of patients without shock was discontinued. Patients were treated with a
single infusion of 3 or 15 mg/kg of anti-TNF-α antibody or placebo. Of the 533 patients enrolled in
the study, 420 were in septic shock. Mortality at d 28 was 39.5% in the placebo group, 31.5% in the
3-mg/kg anti-TNF-α group, and 42.4% in the 15 mg/kg anti-TNF-α group. In contrast to the
NORASEPT I trial, anti-TNF-α did not reduce mortality at any time within the first 14 d of study.
The second North American Sepsis Trial (NORASEPT II) included 1879 patients with septic shock
who were randomized to receive either a single infusion of 7.5 mg/kg of anti-TNF-α monoclonal
antibodies (BAYx1351) or placebo (98). Once again, no significant beneficial effect of the anti-TNF-
α antibodies was observed. Day 28 mortality was 40.3% in patients who received the anti-TNF-α
antibody and 42.8% in patients who received placebo.

The failure of these three large trials of anti-TNF-α antibodies to decrease mortality of patients
with severe sepsis and septic shock led some investigators to focus on more specific groups of pa-
tients. In fact, in one of the first anti-TNF-α trials, treatment improved survival in a subgroup of
patients with elevated TNF-α levels (100). Similarly, in the afelimomab phase II study, in which a
F(ab')2 murine monoclonal antibody with high affinity for TNF-α was given to 142 patients, mortal-
ity was reduced in a subgroup of patients with elevated circulating concentration of interleukin (IL)-
6 (>1000 pg/mL), but not in the entire study population (97). Based on these results, a phase III trial
was conducted to evaluate the efficacy of afelimomab in septic patients with high IL-6 concentra-
tions. Of 994 patients enrolled, 446 had circulating IL-6 levels above 1000 pg/mL at baseline and



Anticytokine Therapy in Sepsis 383

were randomized to receive afelimomab, administered as three infusions of 1 mg/kg/d for three con-
secutive days (99). The study was terminated prematurely, when an interim analysis estimated that
the primary efficacy end point (i.e., a reduction in the 28-d all-cause mortality in treated patients)
would not be met. The mortality rate was 54.0% in patients who received afelimomab and 57.7% in
control patients, a difference that was not statistically significant. More recently, the results of a large
North American afelimomab phase III trial in 2634 septic patients have been reported in an abstract
form (93). At d 28, mortality was 32.3% in 1305 patients who received afelimomab and 35.9% in
1329 control patients (p=0.04).

A total of 6726 patients have been included in eight clinical trials of anti-TNF-α antibodies for the
treatment of severe sepsis and septic shock. Only one of these studies showed a reduction of mortal-
ity (100). Thus, monoclonal antibodies against TNF-α may exert beneficial effects in some patients
with severe sepsis or septic shock. However, the impact of treatment is smaller than initially antici-
pated. Indeed, if the results of the eight studies are pooled, anti-TNF-α antibodies was associated
with a 2.9% absolute reduction of lethality (36.7% vs 39.6%; p=0.01). However, such crude results
should be considered with great caution, as patient characteristics and prognostic factors may differ
between the two treatment groups in the pooled patient population.

2.2. Soluble TNF-α Receptors
Tumor necrosis factor-α exerts its biological effect via an interaction with two receptors

coexpressed on most target cells: the TNF type I receptor (TNFR type I or TNFR p55) and the TNF
type II receptor (TNFR type II or TNFR p75). These TNF receptors are shed from the membrane after
cell activation and can be detected as soluble molecules in the circulation. Soluble TNF receptors are
naturally occurring inhibitors of TNF-α. Fusion proteins have been produced that combined the ex-
tracellular portion of the TNF receptor and the Fc fragment of human IgG. These molecules act as
decoy receptors, competing with membrane-bound TNF receptors for binding of TNF-α and thus
preventing overstimulation of target cells. Soluble TNF receptor fusion protein p55 (sTNFR p55)
was found to reduce mortality in various animal models of endotoxemia (42) and bacterial sepsis (46)
(see Table 1). In contrast, no protective effect was observed when a sTNFR p75 was used in these
experimental animal models (44).

Three clinical studies have examined the safety and efficacy of soluble TNFR fusion proteins for
the treatment of 1927 patients with severe sepsis or septic shock (see Table 2). The first study in-
cluded 141 septic shock patients randomized to receive placebo or a single infusion of 0.15, 0.45, or
1.5 mg/kg of sTNFR p75 (101). An unexpected significant dose-dependent increase in mortality was
observed in patients who received sTNFR p75. Mortality was 30% in patients who received placebo
or low-dose sTNFR p75, 48% in patients who received the middle dose of sTNFR p75, and 53% in
those who received the highest of dose sTNFR p75. As the sTNFR appears to be more that 50 times
as effective as monoclonal antibodies in inactivating TNF-α (102), increased mortality may be re-
lated to an excessive and prolonged neutralization of TNF-α. Indeed, blocking TNF activity has been
shown to be deleterious in experimental models of focal bacterial sepsis (48,49) (see Table 1). Alter-
natively, sTNFR p75–IgG construct might have acted as a TNF-α carrier resulting in the prolonga-
tion of the presence of TNF-α in the circulation (107).

Four hundred ninety-eight patients, stratified into a severe sepsis and a refractory shock group,
were randomized to receive a single dose of either 0.083, 0.043, or 0.008-mg/kg of sTNFR p55
(102). The 0.008-mg/kg treatment arm was discontinued after an interim analysis showed that it was
associated with a trend toward higher mortality. In the entire study population, sTNFR p55 did not
improve survival. However, in the prospectively defined subgroup of patients with severe sepsis,
there was 36% reduction in the 28-d all-cause mortality in patients treated with 0.083 mg/kg of
sTNFR p55 (mortality 23%) when compared to the placebo recipients (mortality 36%; p=0.07). Yet,
a large phase III trial of 1340 patients with severe sepsis did not confirm the favorable trend observed
in the phase II study (103).
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Table 1
Effect of Blocking TNF, IL-1, MIF, IFN-γ, IL-12 or IL-18 in Different Animal Models of Sepsis

Therapy or Experimental model and effect of therapy or gene deletion
Cytokine type of mice Microbial products or toxins Systemic infections Focal infections Intracellular and fungal infections

TNF Anti-TNF antibodies Low-dose LPS/galactosamine E. coli: beneficial (13–17) Oral P. aeruginosa and N. L. monocytogenes, C. trachomatis,
or TNF-deficient mice and high-dose LPS: beneficial S. aureus: beneficial (18) meningitidis peritonitis: S. typhimurium, C. albicans,

(2–9) or harmful (19) beneficial (21,22) C. neoformans: harmful
Very high dose LPS: no effect K. pneumoniae and S. E. coli and group B streptococcal (4,29–39)

(10) pyogenes: no effect (16,20) peritonitis: no effect (2,7,23)
Peptidoglycan, SEB and TSST-1: CLP peritonitis: harmful (24)

beneficial (11,12) or no effect (10,25)
S. pneumoniae and P. aeruginosa

pneumonia: harmful (26–28)
sTNFR p55-IgG Low-dose LPS/galactosamine: E. coli: beneficial (46,47) E. coli and S. pneumoniae L. monocytogenes: harmful (44,45)

or TNFR p55- beneficial (40–45) peritonitis: harmful (48,49)
deficient mice High-dose LPS: beneficial (8) or no effect (41,43,49)

or no effect (44,45) K. pneumoniae pneumonia:
harmful (50)

sTNFR p75 IgG Low-dose LPS/galactosamine E. coli: no effect (46) S. pneumoniae pneumonia: L. monocytogenes: no effect (44)
or TNFR p75- and high-dose LPS: no effect no effect (48)
deficient mice (41,44,51)

IL-1 IL-1 receptor High-dose LPS: beneficial E. coli and S. epidermidis: Subcutaneous K. pneumoniae:
antagonis (52,53) or no effect (54) beneficial (54–56) harmful (57)

MIF Anti-MIF antibodies High-dose LPS: beneficial (58) E. coli peritonitis: CLP: beneficial (61)
or MIF-deficient SEB and TSST-1: beneficial beneficial (61)
mice (59,60)

IFN-γ Anti-IFN-γ antibodies, Low-dose LPS/galactosamine E.coli: beneficial (67) E. coli peritonitis: beneficial (68) L. monocytogenes, S. typhimurium,
or IFN-γ or IFNγ-R- and high-dose LPS: beneficial Colon ascendant stent peritonitis: Y. enterocolitica, M. tuberculosis,
deficient mice (62–65) or no effect (66) harmful (69) M. bovis: harmful (34,70-76)

IL-12 Anti-IL12 antibodies Low-dose LPS/BCG sensitization Group B streptococcus: CLP and E. coli peritonitis, Y. enterocolitica, M. tuberculosis,
or IL-12-deficient and high-dose LPS: beneficial harmful (79) K. pneumoniae pneumonia: C. neoformans: harmful (82–84)
mice (77,78) harmful (78,80,81)

IL-18 Anti-IL18 antibodies Low-dose LPS/P. acnes S. aureus: beneficial (88) S. typhimurium, Y. enterocolitica,
or IL-18-deficient sensitization and high-dose M. tuberculosis, M. bovis: harmful
mice LPS: beneficial (85–87) (90,91)

Note: sTNFR: soluble tumor necrosis factor receptor fusion protein, LPS: lipopolysaccharide; CLP: cecal ligation and puncture; SEB: staphylococcal enterotoxin B; TSST-1: toxic
shock syndrome toxin 1. Numbers in parenthesis are reference numbers.

Source: Adapted from refs. 1 and 92.
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Table 2
Clinical Trials of aAnticytokine Therapies

Mortality
Odd ratio

Days of No. of Control Therapy (95% confidence
Authors (ref.) Therapy Type of study therapy Inclusion criteria patients group group interval)

Anti-TNF-a monoclonal antibodies
Fisher et al., 1993 (93) CB006 Open label, phase II 1 Severe sepsis or septic shock 80 32% 44% 0.58 (0.17–1.94)
Dhainaut et al., 1995 (94) CDP571 Open label, phase II 1 Septic shock 42 60% 63% 0.90 (0.17–5.28)
Abraham et al., 1995 (95) BAYx1351 Double blind, phase III 1 Severe sepsis or septic shock 971 33% 30% 1.13 (0.84–1.52)
Cohen, et al., 1996 (96) BAYx1351 Double blind, phase III 1 Severe sepsis or septic shock 553 40% 37% 1.10 (0.74–1.62)
Reinhart et al., 1996 (97) BAYx1351 Double blind, phase III 1 Septic shock 1878 43% 40% 1.11 (0.92–1.34)
Abraham et al., 1998 (98) MAK195F Open label, phase II 3 Severe sepsis or septic shock 122 41% 47% 0.79 (0.31–1.98)
Reinhart et al., 2001 (99) MAK195F Double blind, phase III 3 Severe sepsis or septic shock 446 58% 54% 1.16 (0.78–1.71)

and IL-6 >1000 pg/mL
Panacek et al., 2000 (100) MAK195F Double blind, phase III 3 Sepsis or septic shock 2634 36% 32% 1.17 (0.99–1.38)
All studies 6726 40% 37% 1.13 (1.02–1.25)

Soluble TNF receptors
Fisher et al., 1996 (101) sTNFR p75 Double blind, phase II 1 Septic shock 141 30% 45% 0.52 (0.21–1.29)
Abraham et al., 1997 (102) sTNFR p55 Double blind, phase II 1 Severe sepsis or septic shock 444 39% 35% 1.19 (0.77–1.84)
Abraham et al., 2001(103) sTNFR p55 Double blind, phase II 1 Severe sepsis or “early” 1342 28% 27% 1.08 (0.84–1.38)
All studies septic shock 1927 30% 31% 0.96 (0.79–1.18)

Interleukin-1 receptor antagonist
Fisher et al., 1994 (104) Antril Open label, phase II 3 Severe sepsis or septic shock 99 44% 24% 2.44 (0.85–7.04)
Fisher et al., 1994 (105) Antril Double blind, phase III 3 Severe sepsis or septic shock 893 34% 30% 1.19 (0.88–1.62)
Opal et al., 1997 (106) Antril Double blind, phase III 3 Severe sepsis or septic shock 696 36% 33% 1.16 (0.84–1.60)
All studies 1688 36% 31% 1.25 (1.01–1.54)

Note: sTNFR: soluble tumor necrosis factor fusion protein, n.a.: not available.
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 2.3. Interleukin-1 Receptor Antagonist
Interleukin-1 receptor antagonist (IL-1ra) is a naturally occurring antagonist of IL-1. IL-1ra com-

petes with IL-1 for binding to the IL-1 type I receptor and thus inhibits IL-1 biological activity.
Administration of IL-1ra has been shown to improve survival in models of endotoxemia (52,53) and
bacterial infections (54) (see Table 1). Three clinical studies have examined what was the effect of
recombinant human IL-1ra in patients with severe sepsis or septic shock (see Table 2). In the phase II
study, 96 patients with severe sepsis or septic shock were randomized to receive placebo or a 100-mg
dose of IL-1ra followed by a 72-h perfusion with escalading doses of IL-1ra (17, 67, or 133 mg/h)
(104). IL-1ra reduced the mortality at d 28 in a dose-dependent fashion (44% in the placebo group vs
32%, 25%, and 16% in patients treated with a low, medium, or high dose of IL-1ra, respectively).
Unfortunately, the beneficial effects of the phase II study were not confirmed in two large phase III
studies. The first phase III trial included 893 patients with the sepsis syndrome randomized to receive
placebo or IL-1ra (single injection of 100 mg followed by a 72-h infusion of 1 or 2 mg/kg/h) (105).
The mortality at d 28 was 34% in the placebo group and 31% and 29% in the 1 and 2 mg/h IL1-ra
groups, respectively. A post hoc analysis revealed a trend toward favorable outcome in a subset of
patients with certain organ dysfunctions and/or a predicted risk mortality of 24% or greater. A second
phase III study was undertaken to confirm these findings. Six hundred ninety-six patients with severe
sepsis or septic shock were randomized to receive either placebo or IL-1ra (single injection of 100
mg followed by a 72-h continuous infusion of 2 mg/h of IL-1ra) (106). The study was discontinued
for futility at an interim analysis. The 28-d mortality was reduced from 36.4% in the placebo group to
33.1% in patients treated with IL-1ra, but the difference was not statistically significant. Altogether,
1688 patients were enrolled in the three IL1-ra trials. A rough analysis of the crude mortality rates in
the pooled data revealed that treatment with IL-1ra improved survival (30.6% compared to 35.5% in
control patients; p=0.04). However, the comment that was made for the meta-analysis of the anti-
TNF-α studies also applies for the pooled IL-1ra data.

2.4. Interferon-γ, Interleukin-12, and Interleukin-18
Functionally, the cytokines interferon-γ (IFN)-γ, IL-12, and IL-18 are closely related and have

been shown to be critical for the host defenses against intracellular pathogens. IFN-γ exerts very
potent priming effects on cells of the monocyte/macrophage lineage and upregulates the expression
of numerous cell surface molecules and effector molecules. IL-12 plays an important role in the
initiation of inflammatory responses. IL-12 and IL-18 share the capacity to stimulate natural killer
(NK) cells and T-lymphocytes to produce IFN-γ. Infections with intracellular pathogens stimulate
NK cells and T-cells to release IL-12, IL-18, and IFN-γ. IFN-γ, IL-12, and IL-18 have been shown to
be integral components of the host response to LPS (see Table 1). Injection of recombinant IFN-γ
increases TNF-α levels and mortality in mice after LPS challenge (64). In contrast, mice treated with
neutralizing antibodies to IFN-γ, IL-12, or IL-18 were protected from lethal endotoxemia, which was
associated with reduction of TNF-α levels in most instances (62,63,85). However, anti-IFN-γ anti-
bodies did not protect against endotoxemia in a D-galactosamine-sensitized mouse model (66). Inhi-
bition of IFN-γ, IL-12, and IL-18 activity yielded diverse results in bacterial sepsis models.
Neutralization of IFN-γ was protective in a model of systemic E. coli infection (67) as well as in an E.
coli peritonitis model (68). Mice with deletion of the IL-18 gene were protected from lethal Strepto-
coccus aureus bacteremia (88). In contrast, blocking IL-12 had deleterious effects in a model of
group B streptococcal bacteremia (79) and in several models of pneumonia and intra-abdominal in-
fections (78). Mice deficient in the IFN-γ receptor were more sensitive than wilde-type mice to co-
lonic stent peritonitis (69). All studies of intracellular bacterial or fungal infections clearly showed
that inhibiting IFN-γ, IL-12, and IL-18 had deleterious consequences, confirming the essential part of
this family of cytokines in the host defenses against these pathogens (70,82,91).

In agreement with the results obtained in animal models of infection, there has been many reports
of severe infections due to intracellular pathogens (especially Salmonella species and Mycobacte-
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rium species) in humans with mutations of the IFN-γ or IL-12 cytokine or cytokine receptor genes.
Few clinical studies have examined the impact of modulating the expression of IFN-γ, IL-12, and IL-
18 in patients with infectious diseases. The immunostimulatory properties of IFN-γ have been ex-
ploited to prevent infections in immunocompromised patients. Treatment with recombinant IFN-γ
significantly reduced the number of serious infections in patients with chronic granulomatous disease
(108). In a multicenter study of 416 patients with severe injuries, recombinant IFN-γ was shown to
reduce death caused by infections, but the effect was limited to a subset of patients randomized in one
center (109). In another study of 213 trauma patients, however, recombinant IFN-γ failed to decrease
the rate of infection and did not reduce mortality (110). Similar results were obtained in 216 patients
with severe burns (111).

2.5. Macrophage Migration Inhibitory Factor
The cytokine macrophage migration inhibitory factor (MIF) was identified in the early 1960s as a

factor released by activated lymphocytes (112,113). However, up until recently, its biological activi-
ties have remained mysterious. During the last 10 yr, it has become apparent that MIF is an important
cytokine of the innate immune system (for a review, refer to Chapter 5). MIF was rediscovered as a
constitutively expressed protein released by the anterior pituitary gland, macrophages, and T-cells
after stimulation with microbial toxins, cytokines, and mitogens (58,114–116). In addition to im-
mune cells, MIF mRNA and protein as been detected in many organs, including the brain, kidney,
lung, liver, ovary, testis, skin, and endocrine organs. MIF promotes inflammatory and immune re-
sponses of macrophages and T- and B-cells (114,116) and was found to act as an antagonist of gluco-
corticoids (116,117). In fact, MIF and glucocorticoid hormones appear to function as integral
component of a counterregulatory system that regulates inflammatory and immune responses.

Studies performed over the last 5 yr have established that MIF is an important effector molecule of
experimental endotoxemia, toxic shock syndromes induced by Gram-positive exotoxins, and bacte-
rial sepsis. When coinjected with LPS, recombinant MIF augmented lethality, whereas animals treated
with anti-MIF antibodies before the LPS challenge were fully protected from death (58). Improved
survival was associated with reduction of the serum concentrations of TNF-α. Nearly identical re-
sults were acquired in mice with deletion of the Mif gene (59). Mice treated with anti-MIF antibody
or mice deficient in MIF after deletion of the Mif gene were observed to be resistant toxic shock
syndromes induced by the toxic shock syndrome toxin 1 or by staphylococcal enterotoxin B (59).
Likewise, anti-MIF antibodies protected mice from lethal bacterial peritonitis induced by an intrap-
eritoneal injection of E. coli or by cecal ligation and puncture (61). Of note, anti-MIF antibody pro-
tected mice even when treatment was delayed by 8 h.

High levels of MIF have been detected in the circulation of patients with severe sepsis or septic
shock caused by Gram-negative or by Gram-positive bacteria. Plasma concentrations of MIF were
higher in patients with septic shock than in patients with severe sepsis or healthy controls (61). In
another study, serum levels were higher in patients with septic shock than in trauma patients and
controls (p<0.01) and higher in nonsurvivors than in survivors (p = 0.001) (118). There was a corre-
lation between concentrations of MIF and cortisol and MIF and IL-6 in septic patients. Multivariate
analysis showed that MIF concentrations were a better predictor of patients’ outcome than acute
respiratory distress syndrome (ARDS). Altogether, these results indicate that MIF plays a critical
role in innate immune responses against Gram-negative and Gram-positive pathogens and may, there-
fore, be a candidate for therapeutic interventions in patients with severe sepsis and septic shock.

2.6. High Mobility Group 1
High-mobility group protein-1 (HMG-1) was initially described as a nonhistone nuclear protein-

stabilizing nucleosome formation and regulating gene transcription and replication (119). HMG-1 is
also a membrane-bound protein shown to be implicated in neurite outgrowth (120). More recently,
HMG-1 was found to be secreted by cells and to act as a mediator of inflammation. HMG-1 does not
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circulate in healthy mice or humans. However, HMG-1 is secreted in a cytokinelike fashion by mac-
rophages, monocytes, and pituitary cells after exposure to LPS, TNF-α, IL-1, and IFN-γ (121). Ki-
netic studies has revealed that HMG-1 acts as a “late” mediator of inflammation. HMG-1 was released
from culture macrophages more than 8 h after stimulation by endotoxin. In mice, serum levels of
HMG-1 have been observed to increase 8–32 h after the injection of LPS (121). Once released,
HMG-1 enhances inflammatory response by stimulating the expression of proinflammatory cytokines
(122). When administered at low doses, HMG-1 potentiates LPS toxicity. However, injection of high
doses of HMG-1 is lethal. Administered intratracheally in mice, HMG-1 produce acute lung injury
with accumulation of neutrophils, lung edema, and local production of proinflammatory cytokines
(123). In septic patients, higher levels of HMG-1 were associated with increased mortality (121).
Blocking HMG-1 activity with neutralizing antibodies protected mice from lethal endotoxemia, even
when the first injection of the antibodies was given 2 h after LPS challenge (121). The administration
of anti-HMG-1 antibodies either before or after endotoxin-reduced lung injuries, but did not decrease
the production of proinflammatory cytokines (123). The neutralization of HMG-1 has not been evalu-
ated in experimental models of infections or in septic patients. However, the delayed production of
HMG-1 after exposure to LPS makes it an interesting target for therapeutic interventions in humans..

 3. CYTOKINES WITH ANTI-INFLAMMATORY PROPERTIES

Cytokines have been classified into two main classes based on whether they exert predominantly
proinflammatory or anti-inflammatory activities. This classification is an oversimplification because
cytokines often exhibit both proinflammatory and anti-inflammatory activities. In addition to the
soluble TNF receptors and IL-1ra that are naturally occurring cytokines antagonists, IL-10, IL-4, IL-
13, IL-6, transforming growth factor-β (TGF-β), and granulocyte colony-stimulating factor (G-CSF)
are classical anti-inflammatory cytokines (92) (see Table 3). Of note, these cytokines also display
proinflammatory and immunostimulatory activities.

3.1. IL-10, IL-4, IL-13, IL-6, TGF-β
Interleukin-10 has been shown to suppress cell-mediated immune responses and to inhibit T-cell

proliferation and cytokine production by activated neutrophils, monocytes, macrophages, NK cells,
and Th1 lymphocytes (reviewed in refs. 124 and 125). The mechanisms by which IL-10 exerts its
anti-inflammatory activities include the inhibition of nuclear factor (NF)-κB activity (125), the pro-
motion of TNF-α and IL-1 mRNA turnover (126), the downregulation of the expression of TNFR
(127) and an increased shedding of soluble p55 and p75 TNR receptors (128). Like IL-10, IL-4 and
IL-13 have been shown to suppress the production of several proinflammatory molecules including
TNF-α and IL-1 (129). The anti-inflammatory activity of IL-1 and IL-13 is not mediated by IL-10
(130). IL-6 is produced in large amounts together with TNF-α and IL-1 during endotoxemia or acute
infections and was, therefore, at first considered to be an exclusively proinflammatory cytokine.
However, recent studies have shown that IL-6 inhibits the synthesis of TNF-α and IL-1 (131). TGF-
β was one of the first cytokines known to suppress monocyte and macrophage proinflammatory
activities. On the other hand, TGF-β also stimulates the chemotaxis of inflammatory cells and pro-
motes the production of proinflammatory mediators in response to tissue injury or inflammation.

The effects of recombinant IL-10, IL-13, and IL-4 have been tested in experimental models of
sepsis (see Table 3). IL-10, IL-13 and IL-4 were found to improve survival in several mouse models
of endotoxemia (135,148). IL-6 and IL-10 have shown protective effects in models of toxic shock
syndrome induced by the injection of staphylococcal enterotoxin B (138,156). The role of the anti-
inflammatory cytokines in the resolution of sepsis in models of focal infections is less clear. In a
model of peritonitis, treatment with IL-10 had no effect, whereas inhibition of IL-10 with anti-IL-10
antibodies was deleterious, revealing the protective role of IL-10 (141). Treatment with IL-10 had
beneficial effects in a model of P. aeruginosa pneumonia (140), whereas it exerted detrimental effects



A
nticytokine T

herapy in Sepsis
389

389

Table 3
Effect of IL-10, IL-4, IL-13, IL-6, or G-CSF in Different Animal Models of Sepsis

Therapy or Experimental model and effect of therapy or gene deletion
Cytokine type of mice Microbial products or toxins Focal or systemic infections Intracellular and fungal infections

IL-10 Recombinant IL-10, High-dose LPS: beneficial (132–135) Subcutaneous group B streptococcus L. monocytogenes: harmful
anti-IL-10 antibodies, SEB: beneficial (136–138) and P. aeruginosa peritonitis: (145,146) or no effect (146)
or IL-10-deficient mice beneficial (139,140) C. albicans: harmful (147)

CLP: beneficial (141) or no effect (142)
E. coli and B. fragilis peritonitis:

no effect (143)
S. pneumoniae and K. pneumoniae

pneumonia: harmful (144)
IL-4 Recombinant IL-4, Low-dose LPS/galactosamine: P. aeruginosa pneumonia and L. monocytogenes: harmful (152)

anti-IL-4 antibodies, beneficial (148) subcutaneous B. burgdorferi or no effect (153)
or IL-4-deficient mice beneficial (149,150)

S. aureus arthritis: harmful (151)
IL-6 Recombinant IL-6 or High-dose LPS: beneficial E. coli peritonitis, S. pneumoniae L. monocytogenes, M. tuberculosis:

anti-IL-6 antibodies (154) or no effect (155) pneumonia, and subcutaneous group beneficial (161–164)
SEB: beneficial (156) B streptococci: beneficial (156–160) S. typhimurium: harmful (165)

C. albicans: harmful (169) or no
effect (166)

IL-13 Recombinant IL-13 Low-dose LPS/galactosamine CLP: beneficial (169) L. monocytogenes: beneficial (170)
or anti-IL-13 antibodies or high dose LPS: beneficial

(148,167,168)
G-CSF Recombinant G-CSF Low-dose LPS/galactosamine CLP and E. coli peritonitis: beneficial

or high-dose LPS: beneficial (171) (172–178)
S. aureus and P. multocida pneumonia:

beneficial (179–180)
S. pneumoniae pneumonia: beneficial

(181,182) or no effect (182,183)
E. coli pneumonia: beneficial

(184) or harmful (179)
K. pneumoniae pneumonia: harmful (185)
Systemic P. aeruginosa: no effect (186,187)

Note: LPS: lipopolysaccharide; CLP: cecal ligation and puncture; SEB: staphylococcal enterotoxin B; TSST-1: toxic shock syndrome toxin 1. Numbers in parenthesis are
reference numbers.

Source: Adapted from refs. 1 and 92.
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when pneumonia was caused by K. pneumoniae and S. pneumoniae (144,188). Experiments per-
formed in IL-6-deficient mice or in mice treated with anti-IL-6 antibodies or with recombinant IL-6
have shown that IL-6 is required to cure bacterial infections (157,158,162,164,189) and to reduce
mortality of staphylococcal enterotoxin B shock (156). In contrast, IL-6 does not seem to play a
critical role in shock induced by LPS or TNF-α (157,190). None of these treatment modalities have
yet been investigated in patients with severe sepsis or septic shock.

3.2. Granulocyte Colony-Stimulating Factor
Granulocyte colony-stimulating factor (G-CSF) stimulates the recruitment of myeloid progenitors

from stem cells and thus regulates the development of neutrophils in the bone marrow and their
release in the circulation. Moreover, G-CSF stimulates the expression of adhesion receptors, induces
neutrophil chemotaxis, and enhances phagocytosis (191). G-CSF has been shown to shorten the dura-
tion of neutropenia and reduce the incidence of infections after myelosuppressive chemotherapy
(192). Recent in vitro and in vivo data suggest that G-CSF also displays anti-inflammatory properties
(193,194) (see Table 3). Pretreatment with recombinant human G-CSF protected mice from lethal
endotoxemia (171). G-CSF reduced mortality in a pig model of P. aeruginosa bacteremia, but the
effect was not statistically significant because of the small number of animals enrolled in that study
(186,187). Favorable results have also been observed in experimental peritonitis models. Pretreat-
ment with recombinant G-CSF reduced the concentrations of proinflammatory cytokines and im-
proved survival in various models of E. coli (177) or polymicrobial peritonitis (172,174,178). This
favorable effect was sustained even when G-CSF was administered after the infection in rats models
of peritonitis induced by cecal perforation (173,175). G-CSF improved survival in some but not all
pneumonia models. Favorable results have been observed in a dog E. coli pneumonia model (184). In
rabbits with Pasteurella multocida pneumonia, combined G-CSF and penicillin therapy administered
after the onset of infection was associated with a trend toward improved survival (169). Prophylactic
administration of G-CSF was protective in a rat S. aureus pneumonia model, but was deleterious
when pneumonia was the result of E. coli (179). In two studies of pneumococcal pneumonia, recom-
binant G-CSF improved survival of splenectomized mice, but not consistently in sham-operated mice
(181,183). In another study, pretreatment with G-CSF protected mice from S. pneumoniae pneumo-
nia, but only when infection was induced by a low inoculum of S. pneumoniae (182). In contrast,
pretreatment with G-CSF increased mortality in a mouse K. pneumoniae pneumonia model (175),
possibly because G-CSF increased K. pneumoniae polysaccharide production. In contrast to G-CSF,
treatment with granulocyte–macrophage stimulating factor (GM-CSF) was shown to be deleterious
in several experimental sepsis models (173).

The anti-inflammatory and neutrophil-activating properties of G-CSF and encouraging results
obtained in animal models of infections suggested the possibility that G-CSF might be a good candi-
date for treatment of non-neutropenic patients with severe sepsis or septic shock. Recombinant G-
CSF has been evaluated to prevent severe infections in patients at risk of sepsis (194). G-CSF
prophylaxis was shown to reduce infections in patients with severe neurological trauma or hemor-
rhage (195) and in patients who had major neck or esophageal surgery (196,197). In contrast, admin-
istration of G-CSF before and after liver transplantation was associated with an increased incidence
of biopsy-proven rejection and nosocomial pneumonia, but it did not change survival (198). In a
randomized double-blind study that compared G-CSF and placebo in 40 patients with diabetic foot
infections, therapy with G-CSF increased the clearance of the pathogens from the infected ulcer and
the resolution of cellulitis and shortened the duration of intravenous antibiotherapy and hospital stay
(199). Large multicenter studies have been conducted in patients with community-acquired pneumo-
nia. Seven hundred fifty-six patients with severe community-acquired pneumonia were randomized
to receive G-CSF or placebo. Treatment with recombinant G-CSF fastened the resolution of pneumo-
nia as assessed by chest X-rays, but did not to reduce the mortality and the length of hospital stay
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(200). In a recent study including another 480 patients with multilobar pneumonia, treatment with
recombinant G-CSF reduced mortality from 11.6% to 8.0% (p = 0.18) (201). In a small study of
patients with severe head injuries treated with high-dose barbiturate and hypothermia who presented
with life-threatening infections, treatment with G-CSF reduced mortality when compared to histori-
cal controls (202). The efficacy of human recombinant G-CSF has been evaluated in 18 patients with
community-acquired or nosocomial pneumonia and sepsis or septic shock. G-CSF therapy or placebo
was started more than 72 h after the diagnosis of pneumonia and was given for 5 d. Mortality was
lower in G-CSF treated patients (3 of 12, 25%) than in placebo patients (4 of 6, 67%) (203). How-
ever, the favorable results observed in these small studies have to be confirmed in large comparative
double-blind trials. For more detailed information about G-CSF, readers should refer to Chapter 24.

4. GLUCOCORTICOIDS

Glucocorticoids are very powerful anti-inflammatory and immunosuppressive molecules. One of
the mechanisms by which glucocorticoids exert their anti-inflammatory effects is the inhibition of
cytokine gene transcription, including TNF-α, IL-1, IL-2, IL-3, IL-5, IL-6, IL-8, IL-12, IFN-γ, and
GM-CSF, to cite only a few. This effect is mediated in part by a direct interaction between the ligand-
activated glucocorticoid receptors and the transcription factors nuclear factor κB (NF-κB), activator
protein 1 (AP-1), or cyclic AMP-responsive element-binding protein (CREB). Glucocorticoids was
also reported to induce the transcription of the IκBα gene (204,205), thereby augmenting the levels
of the IκBα protein in the cytoplasm and decreasing the amount of NF-κB translocating to the nucleus
and, thus, NF-κB-dependent cytokine gene activation. The effect of glucocorticoids on chromatin
structure also may mediate some of the anti-inflammatory effects of steroids. Moreover, glucocorti-
coids may bind to several transcription corepressor molecules implicated in the regulation of the
activity of histone deacetylase. This results in a compact coiling of DNA that impair the access of
transcription factors to their specific binding sites and suppresses gene expression. Finally, glucocor-
ticoids have been shown to decrease the stability of cytokine mRNA by binding to AU-rich sequences
in the 3' untranslated region of cytokine genes.

The anti-inflammatory and immunosuppressive properties of glucocorticoids have been used suc-
cessfully for the treatment of many autoimmune or inflammatory diseases. As inflammation is a
central feature of severe sepsis and septic shock, it was logical to investigate the impact that steroids
would have in the management of septic patients (206). High doses of glucocorticoids were found to
improve survival in several experimental sepsis models (207–209). Promising results had been ob-
tained in an initial study of 172 patients with septic shock randomized to receive high doses of meth-
ylprednisolone, dexamethasone, or placebo. Glucocorticoids were reported to reduce mortality from
38% to 10% (210). However, as shown in Table 4, these favorable results were not confirmed in
seven subsequent trials (211–216). Three recent meta-analyses have indicated that high doses gluco-
corticoids did not improve (223,224) and sometimes even aggravated (225), the outcome of patients
with severe sepsis or septic shock. A major difference between experimental and clinical sepsis is the
timing of glucocorticoid administration. In most animal models, glucocorticoids have been adminis-
tered before or shortly after the onset of sepsis. When given before sepsis, glucocorticoids inhibit
cytokine production and thus decrease inflammation (226). However, recent data have indicated that
glucocorticoids also may exert proinflammatory effects. For example, glucocorticoids can upregulate
the expression of different proinflammatory cytokine receptors and, thus, have the capacity to act
synergistically with proinflammatory cytokines (226,227). Moreover, a potent proinflammatory
cytokine, MIF, was recently shown to be induced rather than suppressed by glucocorticoids (117).
Finally, the effects of glucocorticoids may be dose dependent and thus may vary dependent on
whether they are administered in physiological or pharmacological doses.

Despite absolute elevated plasma concentrations of cortisol, many septic patients suffer from a
relative adrenocortical insufficiency. Relative cortisol insufficiency cannot be diagnosed based on
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Table 4
Clinical Trials of Glucocorticoid Therapies

Mortality
Type of Days of No. of Control Therapy  Odd ratio (95%

Authors (ref.) Therapy  study therapy Inclusion criteria patients group group  confidence interval)

Corticosteroids (high doses)
Schummer et al., 1976 (210) Methylprednisolone Double blind 1 Severe sepsis or septic shocka 172 38% 10% 5.53 (2.22–3.91)

or dexamethasone
Thompson et al., 1976 (211) Methylprednisolone Double blind 1 N.A. 60 78% 79% 0.97 (0.24–3.91)
Sprung et al., 1984 (212) Methylprednisolone Double blind 1 Septic shocka 59 69% 77% 0.67 (0.16–3.07)

or dexamethasone
Lucas et al., 1984 (213) Dexamethasone Open label 2 Septic shocka 48 20% 22% 0.90 (0.18–4.64)
VA study, 1987 (214) Methylprednisolone Double blind 1 Sepsis or severe sepsisa 223 22% 21% 1.07 (0.53–2.13)
Bone et al., 1987 (215) Methylprednisolone Double blind 1 Severe sepsis or septic shocka 381 25% 34% 0.66 (0.41–1.05)
Luce et al., 1988 (216) Methylprednisolone Double blind 1 Severe sepsis or septic shocka 75 54% 58% 0.86 (0.31–2.35)

All studies 1018 33% 34% 0.96 (0.73–1.25)

Corticosteroids (low doses)
Cooperative group 1963 (217) Hydrocortisone Double blind 6 Severe sepsis or septic shocka 194 33% 56% 0.38 (0.20–0.70)
Klastersky et al., 1971 (218) Bethamethasone Double blind 3 Disseminated cancer and life- 85 56% 52% 1.19 (0.46–3.06)

threatening infectiona

Bollaert et al., 1998 (219) Hydrocortisone Double blind 5 Septic shock 41 63% 32% 3.67 (0.85–16.74)
Briegel et al., 1999 (220) Hydrocortisone Double blind 6 Septic shock 40 30% 20% 1.71 (0.32–9.94)
Annane, 2000 (221) Hydrocortisone Double blind 7 Septic shock 299 N.A. N.A. N.A.

and fludrocortisone

All studies (except 221) 360 41% 48% 0.74 (0.48–1.15)

Note: N.A.: not available.
astudies performed before the consensus conference definitions of sepsis, severe sepsis and septic shock (222)

392
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the sole measurement of cortisol levels. A rapid corticotropin test has been proposed to evaluate the
adrenocortical function in septic patients (228). Several authors have found that a subnormal response
to corticotropin stimulation was associated with a poor prognosis (229–231). It was thus proposed
that “stress” doses of glucocorticoids may improve the survival of patients with septic shock (see
Table 4). However, studies of stress doses of glucocorticoids conducted in the 1960s and 1970s did
not demonstrate a beneficial effect on the survival of patients with severe infections (217,218). More
recently, uncontrolled studies have shown that low doses of glucocorticoids improved hemodynamic
parameter in septic patients (232,233). Two comparative trials have examined the role of hydrocorti-
sone (300–400 mg/d given for 5–6 d) in patients with septic shock. In a study of 40 septic shock
patients, hydrocortisone reduced the median duration of vasopressor support from 7 d to 2 d
(p = 0.005) but did not result in a statistically significant reduction of mortality (20% in the treatment
group versus 30% in the control group) (220). In the other study, stress doses of hydrocortisone were
associated with a reduction of mortality (32% in 22 steroid-treated patients compared to 63% in 19
placebo patients; p = 0.09) (219). A recent multicenter study compared the efficacy and safety of a 7-
d combined hydrocortisone (50 mg intravenously every 6 h) and fludrocortisone (50 µg oral once a
day) therapy or placebo in 299 patients with septic shock (221). A short corticotropin test was per-
formed in all patients at study entry. Mortality was reduced by 30% in patients treated with glucocor-
ticoids in comparison to those who received placebo (p = 0.03). A subgroup analysis revealed that
the reduction of mortality was significant in patients who did not respond to adrenocorticotropic
hormone (ACTH) testing (p = 0.02), but not in those who responded (p = 0.3). Large randomized
trials are necessary to confirm the possible beneficial effects of physiological doses of corticosteroids
for the treatment of patients with septic shock.

5. NONSTEROIDAL ANTI-CYTOKINE THERAPIES
Pharmacological agents such as pentoxifylline, thalidomide, and chlorpromazine have been shown

to have the capacity to decrease cytokine production, especially TNF-α, and have thus been tested as
antisepsis therapies. In addition, other medications, including antibiotics, catecholamines, and anes-
thetics, were found to exhibit cytokine modulating properties.

 5.1. Pentoxifylline
Pentoxifylline, a phosphodiesterase inhibitor, has been shown to exert multiple beneficial effects

in sepsis (232). In various animal models of endotoxemia in mice (235–238), rats (239), dogs (240),
and sheep (241), pentoxifylline or its analogs reduced the circulating levels of TNF-α and improved
survival. Favorable effects have been observed even when pentoxifylline was given up to 4 h after
LPS (235). Pentoxifylline also reduced mortality in mice injected with staphylococcal enterotoxin B
and toxic shock syndrome toxin (TSST)-1 (242). It decreased IL-1 and TNF levels and improved
survival in rats with cecal perforation (243,244). Pentoxifylline was observed to improve hemody-
namics in a pig model of E. coli peritonitis (245,246). However, less favorable results were obtained
in other studies. Pentoxifylline failed to improve survival in rats with E. coli bacteremia (247) and in
mice with endotoxemia, K. pneumoniae, or C. albicans sepsis (246). The doses and route of adminis-
tration of pentoxifylline can dramatically influence its effect on mortality. In a rat model of
endotoxemia, pentoxifylline exerted beneficial effects when given in low doses, but was harmful at
higher doses (239). In a dog model of E. coli peritonitis, continuous infusion of pentoxifylline
increased, in a dose-dependent fashion, the relative risk of death (248). In contrast, low doses of
pentoxifylline improved survival in rodent models of polymicrobial peritonitis (249,250).

In humans, pentoxifylline has been used in patients with severe Plasmodium falciparum malaria.
It was found to reduce blood levels of TNF-α, but had no impact on patients’ outcome (251). A
limited number of studies with few patients enrolled have evaluated the impact of pentoxifylline in
patients with severe sepsis and septic shock. Improvements of clinical parameters and reduction of
proinflammatory cytokines were observed in the initial studies conducted with pentoxifylline (252–
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257). More recent trials have yielded interesting results. Fifty-one surgical patients with severe sepsis
were randomized to receive a continuous infusion of pentoxifylline or placebo (258). Pentoxifylline
improved hemodynamic and respiratory parameters, but did not affect mortality (pentoxifylline group:
30%; placebo group: 33%). In a study of 78 bacteremic premature infants who received a 6-d course
of pentoxifylline or placebo, pentoxifylline-treated patients had lower TNF-α levels and mortality
rates (1 of 40; 2.5%) than placebo patients (6 of 38; 16%; p = 0.05) (259). Larger studies are needed
to evaluate the role of pentoxifylline in septic patients.

 5.2. Thalidomide and Chlorpromazine
First used as a sedative agent, thalidomide was withdrawn from the market more than 30 yr ago

because of its dramatic teratogenic effects. More recently, clinicians regained interest in thalidomide
because of its anti-inflammatory properties (260). Thalidomide reduced TNF-α levels and mortality
in rodents with endotoxemia (238,261,262). Thalidomide has been used successfully for the treat-
ment of dermatological disorders, including aphtous stomatitis, Behçet’s syndrome, and chronic cu-
taneous systemic lupus erythematosus (263). It was recently approved by the Food and Drug
Administration (FDA) for the treatment of erythema nodosum leprosum (264). In the last decade,
many thalidomide studies have been performed in patients with the acquired immunodeficiency syn-
drome (265). Thalidomide was shown to be efficacious for the treatment of wasting syndrome, oral
and esophageal aphtous ulcers, chronic diarrhea, and Kaposi’s sarcoma. No study have been con-
ducted in patients with sepsis.

The immunomodulatory effects of antipsychotic drugs have been known since the 1950s. Chlor-
promazine inhibition of TNF-α and IL-1 has been well documented (266). Moreover, some reports
suggested that chlorpromazine can also inhibit phospholipase A2 and reduce the proinflammatory
effects of platelet-activating factor (PAF), thromboxane, and leukotrienes (267,268). Chlorprom-
azine improved survival of mice (246,269), guinea pigs (269), rabbits (267), and calves (270) in-
jected with LPS. It has not been evaluated for the treatment of severe sepsis in humans.

6. OTHER THERAPIES FOR SEPSIS

In addition to the production of proinflammatory cytokines, microbial products can induce hy-
potension and tissue injuries as a result of the release of nitric oxide (NO), arachidonic acid metabo-
lites (thromboxane A2, prostaglandins, leukotrienes), and the direct activation of the coagulation and
complement cascades (1). Thus, treatment strategies for the management of patients with severe
sepsis is not limited to those modulating cytokine production. Numerous studies have investigated
treatment modalities aimed at inhibiting diverse targets, including endotoxin (271–277), NO (278–
280), bradykinin (224,281), cyclo-oxygenase (282–285), thromboxane (286–289), prostaglandins
(290–294) or platelet-activating factor (295,296). None of these studies were shown to improve sur-
vival. Because of space limitations, these experimental therapies will not be discussed in this chapter,
but have been reviewed elsewhere (297,298).

Several studies have evaluated on whether treatment modalities aimed at correcting sepsis-in-
duced coagulation abnormalities might influence patients’ outcome. Several large-multicenter stud-
ies have been performed with antithrombin III, tissue factor pathway inhibitor, and activated protein
C (APC). APC (also referred to as drotrecogin alfa) have so far yielded the most promising results.
APC, a naturally occurring protein that promotes fibrinolysis and inhibits thrombosis, is an important
modulator of coagulation and inflammation in sepsis (299). Decreased levels of protein C have been
reported to be associated with poor prognosis in patients with sepsis (300). A prospective, double-
blind, placebo-controlled, phase III trial of activated protein C (24 µg/kg body wt/h for a total dura-
tion of 96 h) or placebo has been conducted in 1690 patients with severe sepsis. The study was
stopped at the second interim analysis because the differences in the mortality rates between the two
groups exceeded the predetermined guideline for stopping the trial. Day-28 all-cause mortality rates
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was 24.7% in patients who received activated protein C and 30.8% in patients who received placebo
(p = 0.005) (301). However, the incidence of serious bleeding was higher in the activated protein C
group than in the placebo group (3.5% vs 2.0%; p = 0.06).

7. CONCLUSIONS

Despite encouraging results in preclinical investigations, all recent experimental anticytokine
therapies have had a modest impact on the outcome of patients with severe sepsis and septic shock.
Several factors may account for the limited efficacy of anti-TNF and anti-IL-1 therapies in sepsis
(reviewed in refs. 302–304). First, it is perhaps not so surprising, because of the complexity of the
cytokine network cascade induced by sepsis, that immunomodulatory therapies targeting one single
mediator did not markedly improve patients’ survival. Although TNF-α and IL-1 are important
cytokines of the host defense system, many other effector molecules are likely to be contribute to the
pathogenesis of the sepsis syndrome. Second, beyond obvious factors associated with species dispar-
ity, patients enrolled in clinical trials also differ quite significantly from experimental animals with
sepsis. Preclinical studies have always been carried out in healthy animals with identical genetic
backgrounds. By contrast, patients randomized in clinical trials differ with respect to their genetic
makeup, age, underlying diseases, presence of comorbidities, and other key characteristics, including
the microbial species causing the infection as well as the site, type and severity of infection. More-
over, in animal models, anticytokine therapy was most often administered before or together with the
microbial extracts or the microbes themselves. In many models, the protective effect was frequently
lost when treatment was started after the injurious stimuli. The timing of therapeutic intervention was
very different in clinical trials. The immunomodulating agent was almost always infused at least
hours, and sometimes days, after the onset of infection. Therefore, experimental therapy was prob-
ably administered after the peak of cytokine release. Cytokines measurements were performed in a
limited number of trials. When available, these retrospective analyses have revealed that a minority
of patients had detectable levels of cytokines in the blood when anti-TNF-α or anti-IL-1 therapy was
administered. Time-course studies of cytokine release in septic patients have indicated that sepsis
also induces a powerful anti-inflammatory response (305). Thus, anti-inflammatory therapies admin-
istered during the compensatory, anti-inflammatory response could impair the host defenses. Indeed,
blockade of proinflammatory cytokines was efficacious in models of hyperacute inflammation or
fulminant sepsis. However, when given to animals with focal rather than systemic infections, such as
peritonitis or pneumonia, for example, the same agents often exerted detrimental effects and increased
lethality. Phase III clinical trials have included patients with both focal and systemic infections asso-
ciated with different death rates. In theory, it is possible that the sickest patients benefited from
anticytokine therapy, whereas those with less severe infections might have been harmed by it. The
net overall results might have been an absence of protective effects as a result of opposite effects
occurring in these highly heterogeneous groups of patients. The currently used definitions of sepsis,
severe sepsis, and septic shock may, thus, not be very useful to identify patients likely to respond to
novel therapeutic interventions. Classification of patients based primarily on biological factors of
interest rather than on the sole clinical parameters may be an approach worth pursuing to detect those
individuals most likely to respond to defined therapy (302). However, despite the lack of encourag-
ing results obtained with anti-TNF-α and anti-IL-1 therapies in sepsis, the concept of blocking
cytokine has yielded impressive results for the treatment of patients with rheumatoid arthritis and
Crohn’s disease. Identification of new therapeutic targets for the treatment of septic shock remain
essential. Recent investigations have shown that MIF, HMG-1 and, perhaps, the recently recognized
TREM-1 receptor (306) might be targets for future therapeutic interventions. Furthermore, whole
microbes or microbial products can also induce inflammation by a direct activation of the coagula-
tion and the complement cascades. The exciting results obtained recently in humans with severe
sepsis treated with activated protein C (301), a naturally occurring inhibitor of coagulation, suggest
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the possibility of developing therapeutic interventions acting on various systems activated by micro-
bial pathogens.
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Intravenous Immunoglobulin Adjunctive Therapy

in Patients with Streptococcal Toxic Shock
Syndrome and Necrotizing Fasciitis

Anna Norrby-Teglund, Donald E.  Low, and Malak Kotb

1. INTRODUCTION

Streptococcal toxic shock syndrome (STSS) and necrotizing fasciitis caused by group A strepto-
coccus (GAS) are rapidly-progressive invasive diseases that are associated with high mortality rates,
ranging from 30% to 80% despite prompt antibiotic therapy and surgical debridement (1). Intense
research in the field of GAS pathogenesis has unraveled complex host–pathogen interplay and pro-
vided an impetus for the design of novel therapeutic strategies to attenuate or prevent these diseases.
One of the more promising therapeutic strategies is the intravenous administration of polyspecific
immunoglobulin (IVIG) to patients with severe invasive GAS infections. In this chapter, we will
review the mechanistic actions and use of IVIG as adjunctive therapy for severe invasive GAS infec-
tions. In doing so, we will also highlight epidemiological and pathogenic aspects of invasive GAS
infections and show how IVIG acts, in part, by attenuating the inflammatory cytokine cascade in
these patients.

2. CLINICAL AND EPIDEMIOLOGICAL ASPECTS
OF SEVERE INVASIVE GAS INFECTIONS

Severe GAS infections have long been recognized and the history of GAS disease has been char-
acterized by periodic changes in severity of disease. Streptococcal infections were recognized by
Greek physicians in the 5th century. Sydenham described the disease as “febris scarlatina” as early as
1664 (2). This description clearly differentiated this disease from measles and other rashes, which
allowed outbreaks of scarlet fever to be documented throughout the world. The most severe forms of
streptococcal disease were well known long before the discovery of the bacterium. Hippocrates re-
corded epidemic erysipelas and clinical descriptions of a disease that we would clinically refer to
today as necrotizing fasciitis (3).

In the United States during the middle part of the last century, there was a dramatic decline in the
occurrence and mortality of scarlet fever (4). This occurred without an associated decrease in pharyn-
gitis caused by GAS and with continuing severe infections and their sequelae in developing countries
(5). This decline in severity began in the 1930s, before the advent of antibiotics for the treatment of
streptococcal disease, and continued up to and including the 1970s (6). The mortality declined from
72% in the preantibiotic era to 7–27% (7–9). However, in the early 1980s, reports began to appear
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that described not only an increased mortality as a result of GAS bacteremia (35–48%) but also
anecdotal reports emphasizing a rapidly fatal outcome in bacteremic patients presenting with shock
(10). This syndrome was designated as the streptococcal toxic shock syndrome (STSS) and was re-
ported from several areas of the world including Europe, the United States, Canada, New Zealand,
and Japan (11–16).

Streptococci toxic shock syndrome was defined by criteria established by The Working Group on
Severe Streptococcal Infections (17). Patients were considered to have STSS if they had hypotension
in combination with two or more of the following: acute renal failure, coagulation abnormalities,
liver abnormalities, acute respiratory distress syndrome, generalized rash, and necrotizing fasciitis.
In addition to the increase in STSS during the 1980s, there were increased reports of necrotizing
fasciitis (13,18–21). The hallmark of necrotizing fasciitis is infection of the subcutaneous tissue and
fascia that often results in necrosis with relative sparing of the underlying muscle. The diagnosis can
be made if histopathology demonstrates both necrosis of superficial fascia and polymorphonuclear
infiltrate and edema of the reticular dermis, subcutaneous fat, and superficial fascia. In the absence of
examined specimens, the diagnosis requires the presence of gross fascial edema and necrosis de-
tected at surgery (20).

Clinically, it appears that STSS is a separate entity from necrotizing fasciitis. The studies from
Britain and Sweden, which reported an increase in severe GAS infection, did not report the concomi-
tant presence of necrotizing fasciitis (11,16,22). Martin and Høiby (14) in their report of an increase
in incidence and severity of GAS disease in Norway, resulting primarily from M1 strains, reported
only a small number of cases of necrotizing fasciitis. Hoge et al. (12) carried out a retrospective
survey of the medical records from all 10 hospitals in Pima County, Arizona, to identify sterile site
isolates of GAS between 1985 and 1990. They found significant changes in the clinical spectrum of
invasive infections, with an increase in patients with clinical features of STSS during the last 3 yr of
the study. Necrotizing fasciitis was not associated with shock or any of the other clinical features of
STSS, suggesting that fasciitis was not a component of the syndrome. Kaul et al. (20) found only 36
of 77 cases of GAS necrotizing fasciitis associated with STSS.

Epidemiological studies revealed that the majority of the outbreaks of severe invasive GAS infec-
tions outbreaks, although reported from different countries and on different continents, were caused
predominantly by GAS strains of M1 and M3 serotypes (14,16,23–31). However, although serotypes
M1 and M3 accounted for the vast majority of strains isolated from cases of STSS and necrotizing
fasciitis during the recent outbreaks, many other M types, including some nontypeble strains, are
known to cause these disease (32).

3. VIRULENCE MECHANISMS OF GAS

Group A streptococci express several virulence factors, both cell associated and secreted, which,
in various ways, interact with human cells to promote growth, dissemination, and survival of the
organism. The different virulence factors interact closely in a complex network involving synergis-
tic, additive, and inhibitory effects (see Fig. 1). The majority of the membrane-bound molecules,
including capsule, M, and M-like proteins, and fibronectin-binding proteins, are important for eva-
sion of phagocytosis and bacterial adherence to host cells and tissue, whereas several of the secreted
proteins such as peptidases, strepolysins, superantigens, and proteases are important for the spread
and growth of the bacteria and result in induction of inflammatory responses (reviewed in refs. 32–
35) (see Fig. 1). The biological and clinical consequences of the interplay between GAS virulence
factors and host cells range from asymptomatic bacterial colonization to severe systemic effects such
as inflammation, tissue destruction, multiorgan failure, and shock. Specific virulence factors and
their actions are described in more detail in Chapter 6.

 Superantigens are by far the most potent streptococcal factors in the induction of proinflammatory
responses (36) and therefore have been implicated as crucial players in the pathogenesis of STSS and
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necrotizing fasciitis. There are several different superantigens produced by GAS including strepto-
coccal pyrogenic exotoxins (Spe) A, B, C, F, G, H, J (37,38), streptococcal superantigen (SSA) (39),
and the streptococcal mitogenic exotoxin Z and Z-2 (38,40). Most GAS strains express several differ-
ent superantigens, although the repertoire of genes encoding superantigens varies between GAS
strains. Some of the superantigen genes are universally present in all strains regardless of serotype,
whereas others are only seen in distinct lineages, such as SSA, which is only present in certain sero-
types, including, among others, M3 and M4 (41). It seems likely that several different superantigens
can trigger invasive GAS diseases and that the bacteria during the infection produce more than one
superantigen that contribute to disease pathogenesis.

4. HUMORAL IMMUNITY AGAINST GAS VIRULENCE FACTORS

It was established already in 1962 that opsonic antibodies against the M-protein conferred resis-
tance against GAS infection; however, the protection was shown to be serotype-specific and the

Fig. 1. Schematic model of the interaction between GAS virulence factors and human proteins and cells.
Group A streptococcal cell-surface proteins, including M and M-like proteins, α2-macroglobulin binding pro-
tein (GRAB), and C5a peptidase, interact with human plasma proteins (boxed) to promote bacterial adherence,
spread, and evasion of phagocytosis. Secreted GAS factors (indicated by bold text), include streptococcal cys-
teine protease (SCP), unmethylated CpG DNA, streptolysin O and S (SLO,SLS), streptococcal inhibitor of
complement (SIC), and superantigens (SAg). These factors strongly influence both the complement system and
promote a pathologic proinflammatory response and, subsequently, the clinical symptoms of severe invasive
GAS infections.
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individual remained susceptible to infection by other GAS serotypes (42). There are, to date, 93
different serotypes of GAS verified (43). Analyses of the recent outbreaks in the late 1980s, which
were caused predominantly by M1T1 strains, revealed that invasive cases, regardless of severe or
nonsevere manifestations, had significantly lower antibody levels against the M1-protein than healthy
controls or pharyngotonsillitis cases (25,44), (see Table 1). These data suggested that low immunity
to the M1-protein rendered the individuals susceptible to invasive infection by M1T1 strains, but did
not influence the severity of systemic manifestation as evident by equally low antibody levels in
severe or nonsevere invasive cases (see Table 1).

Humoral immunity against different superantigens was also assessed in patient materials collected
during the recent outbreaks, and the studies revealed somewhat inconsistent results (25,26,45–47),
(see Table 1). A Swedish study reported a strong correlation between more severe invasive disease
and lower levels of neutralizing antibodies against SpeB and SpeF, whereas equal antibody levels
against SpeA was found in bacteremia and pharyngotonsillitis cases (47). Similarly, two other stud-
ies reported higher anti-SpeB reactivity in plasma from controls than in severe invasive cases (26,46);
however, these two latter studies also observed a correlation between more severe cases and lower
titers of anti-SpeA antibodies. The varying results obtained from the different studies may simply
reflect the involvement of different superantigens in the respective study. Together, these studies
show that humoral immunity toward GAS virulence factors is important for protection against infec-
tion. Basma et al. (45) analyzed a clinical material for neutralizing antibodies against specific toxins
and against culture supernatants, containing superantigens and other extracellular virulence factors,
prepared from each patient’s isolate. The study showed that although there was no significant differ-
ence in neutralizing activity against specific superantigens between controls and patients with inva-
sive infection, the patients had significantly lower immunity toward superantigens secreted by their
own isolate, as compared to the controls. Equally low neutralizing activity was detected in plasma

Table 1

Acute-Phase Humoral Immunity Against GAS Virulence Factors in Patients with Varying Clinical
Manifestations

Antibodies Differences in antibody levels
against GAS serotype distributiona between patient proups Ref.

M1-protein >70% M1T1 Pharyngotonsillitis > bacteremia 25
Clonal M1T1 Controls > Severe and nonsevere invasiveb 44

SpeA >70% M1T1 Pharyngotonsillitis = STSS = bacteremia 47
Clonal M1T1 Controls = Severe and nonsevere invasiveb 45
Mixed Controlsc > non-STSS > STSS 46
Mixed Erysipelas and bacteremia > STSS 26

SpeB >70% M1T1 Pharyngotonsillitis > STSS and bacteremia 47
Clonal M1T1 Controls = Severe and nonsevere invasiveb 45
Mixed Controlsc and non-STSS>STSS 46
Mixed Erysipelas and bacteremia > STSS 26

SpeF >70% M1T1 Pharyngotonsillitis > bacteremia and STSS 47
Clonal M1T1 Controls = Severe and nonsevere invasiveb 45
Mixed Erysipelas = bacteremia =STSS 26

M1T1 Supd Clonal M1T1 Controls > Severe and nonsevere invasiveb 45
aThe serotype distribution in the patient materials are indicated.
bSevere cases, patients with STSS, and/or necrotizing fasciitis; nonsevere cases, no signs of hypotension or multiorgan

failure; controls, healthy age-matched blood donors (44,45).
cControls, healthy blood donors as well as preoperative orthopedic patients (46).
dCulture supernatant (Sup) were prepared from M1T1 isolates, and each patient’s plasma were tested for neutralizing

activity against Sup from their own isolate (45).
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from severe or nonsevere invasive cases, indicating that low immunity to the patient’s own isolate is
clinically relevant and contributes to susceptibility to the superantigens. Importantly, the studies dem-
onstrate a crucial role for antibodies against GAS virulence factors in protection against invasive
infection.

5. CONVENTIONAL THERAPY OF SEVERE INVASIVE GAS INFECTIONS

Conventional therapy of invasive GAS infections has consisted of antimicrobials and, when nec-
essary in severe invasive disease, support of vital functions for those patients with STSS and surgery
for those patients with necrotizing fasciitis. Penicillin and cephalosporins are the antimicrobials most
frequently used for treating GAS pharyngitis, cellulitis, and impetigo. However, concern has been
raised that in more severe infections, the organism is less likely to respond to β-lactam antibiotics.
Stevens et al. (48) showed that penicillin was ineffective in a mouse model of myositis caused by
GAS if treatment was delayed ≥2 h after initiation of treatment. The targets for the β-lactams are the
penicillin-binding proteins (PBPs), enzymes responsible for the formation of the peptidoglycan in
the bacterial cell wall, which are expressed during the log-phase of growth. Stevens et al. (49) found
that in addition to decreased binding of radiolabeled penicillin by all PBPs in large inocula stationary
cells, PBPs 1 and 4 were undetectable at 36 h. They speculated that the loss of certain PBPs during
stationary-phase growth in vitro may account for the failure of penicillin in both experimental and
human cases of severe streptococcal infection. Furthermore, they found that antimicrobials that inhibit
protein synthesis were able to improve survival over penicillin in a mouse model of myositis caused
by GAS (48). Survival of erythromycin-treated mice was greater than that of penicillin-treated mice
and untreated controls, but only if treatment was begun within 24 h. Mice receiving clindamycin had
survival rates of 100%, 100%, 80%, and 70%, even if the treatment was delayed 0, 2, 6, and 16.5 h,
respectively.

Although GAS has remained exquisitely sensitive to penicillin, resistance to the macrolides and
clindamycin has emerged worldwide. Depending of the prevalence of resistance and the mechanism
of resistance, either erythromycin or clindamycin or both may not be active against the infecting
GAS. Therefore, an approach for severe invasive GAS infection has been to utilize a combination of
penicillin and clindamycin, since the penicillin provides coverage against 100% of Streptococcus
pyogenes strains.

Patients with STSS require supportive therapy to manage their hypotension and multiorgan fail-
ure. However, as with severe invasive S. pneumoniae disease where there has been a failure of inten-
sive care unit support to influence mortality, the mortality from STSS has not changed significantly
(50,51). Often, patients succumb to their infection before antimicrobials can have any beneficial
effect, emphasizing the importance of research in immune modulation therapy.

The treatment of necrotizing fasciitis has emphasized the importance of early surgical interven-
tion for diagnosis or surgical debridement and/or hyperbaric oxygen (52). Early aggressive surgery
has been advocated in order to reduce the systemic inflammatory response and the spread of local
infection (53). Hyperbaric oxygen is recommended in order to administer oxygen at greater than
normal pressure so as to lead to better wound healing. Unfortunately, both procedures usually occur
at a time when the patient is most unstable and therefore interferes with monitoring and treatment. In
addition, there is no evidence to support the use of hyperbaric oxygen and there is new information
that we may allow surgery to be delayed until the patient is stable and the degree of surgery required
is better defined, thereby reducing unnecessary tissue debridement and/or amputation (54,55).

6. IVIG AS ADJUNCTIVE THERAPY

The finding that low levels of protective antibodies against the M-protein and superantigens corre-
lated with invasive GAS disease highlighted the importance of antibodies in protection against these
infections and suggested that immunoglobulins might be a potential adjunctive therapy (25,26,45–
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47). In order for an immunoglobulin therapy to be efficacious, broad antibody specificity would be
required to cover all of the different serotypes of GAS and the whole spectrum of superantigens, as
well as other important virulence factors. IVIG exhibits high polyspecificity generated by antibodies
pooled from several thousands of donors and is a commonly used therapy in a number of
neuroimmunological and primary immunodeficiency disorders, as well as in Kawasaki disease (re-
viewed in refs. 56–59). The proven efficacy of IVIG in Kawasaki disease is of special interest be-
cause this disease share several common clinical features with STSS and superantigens have been
proposed to be involved also in the pathogenesis of Kawasaki disease (60).

There have been several studies investigating the use of IVIG for prophylaxis or adjunctive therapy
of sepsis, however, large multicenter trials are lacking (reviewed in refs. 61 and 62). The Cochrane
library recently evaluated the efficacy of IVIG in the treatment of sepsis and septic shock and in-
cluded randomized trials that compared polyclonal IVIG to either placebo or no intervention (62)
(see Table 2). The study showed an overall reduction in mortality in patients who received polyclonal
IVIG as compared to controls. However, the results of the score-based immunoglobulin treatment in
sepsis (SBITS) study, which included 653 patients with a score-defined degree of sepsis (Elebute and
Stoner score: 12–27) and a score-defined severity of disease (Acute Physiology and Schronic Health
Evaluation score APACHE II score: 20–35) (72), was not included in the Cochrane database. In the
SBITS study, the patients received either IVIG (Polyglobin N) or placebo. No difference in mortality
d 28 could be demonstrated. Hence, the efficacy of IVIG therapy in sepsis, in general, remains to be
proven and may relate to certain sepsis subgroups. As recently reviewed by Werdan (61), the most
impressive reductions in mortality has been reported in specific sepsis subgroups, such as post-opera-

Table 2

Clinical Trials of the Use of IVIG Therapy in Sepsis Patientsa

All-cause mortality OR
Study (95% confidence

Patients designb Study drugs IVIG Controls interval) Ref.

Preterm neonates, SC, NB Pentaglobin; no intervention 6/20 9/24 0.72 63
    sepsis (0.21, 2.49)
Premature, MS, DB Standard IVIG; albumin 2/14 5/17 0.43 64
    early-onset sepsis (0.08, 2.29)
Neonates, sepsis SC Intraglobin; saline 2/28 1/28 2.0 65

(0.2, 20.03)
Neonates, sepsis SC, DB Standard IVIG; dextrose 1/30 6/30 0.2 66

(0.04, 0.97)
Adults, severe sepsis SC, NB Sandoglobulin; no intervention 7/12 9/12 0.49 67

(0.09, 2.57)
Adults, Gram-negative SC, NB Pentaglobin; no intervention 1/27 9/28 0.22 68
    septic shock (0.06, 0.81)
Adults, surgical sepsis MC, DB Sandoglobulin; albumin 11/29 22/33 0.32 69

(0.12, 0.87)
Adults, SC, BD Intraglobin; no intervention 15/24 19/22 0.3 70
    postoperative sepsis (0.08, 1.10)
    and G- endotoxemia
Adults, SC, NB Pentaglobin; placebo 8/18 13/17 0.27 71
    postoperative sepsis (0.07, 1.04)

aTable includes randomized controlled trials assessing the use of IVIG therapy, summarized in ref. 62.
bSC; single center (SC), MC, multicenter; NB, unblinded; B, blinded; DB, double-blinded.
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tive sepsis with a sepsis score greater than 17, septic shock with endotoxemia, neutropenic leukemia
patients with sepsis syndrome, fulminant meningococcal sepsis, and STSS, the latter being discussed
in detail in Subheading 6.2.

6.1. Mechanistic Actions of IVIG
Several different modes of actions that contribute to the beneficial effect in autoimmune and sys-

temic inflammatory diseases have been described for IVIG. These include blockade of Fc receptors
on reticuloendothelial cell system and phagocytic cells, modulation of Fc-receptor expression, inter-
ference with activated complement, modulation of cytokine responses, modulation of immune cell
functions, interaction with idiotypic–anti-idiotypic network, antigen neutralization, and selection of
immune repertoires (reviewed in refs. 56 and 57). A crucial pathway by which IVIG exerts its anti-
inflammatory activity was recently identified in a murine model of immune thrombocytopenia and
involved increased expression of the Fc inhibitory receptor for IgG, Fc-γRIIB and, consequently,
abrogated platelet destruction by macrophage phagocytosis (73). Mechanistic actions directly related
to the pathogenesis of invasive GAS infections, such as antigen neutralization, bacterial opsonization,
as well as cytokine modulation (see Fig. 2), are discussed further in Subheadings 6.1.1. and 6.1.2.

Fig. 2. Proposed mechanisms of action of intravenous immunoglobulin (IVIG) in severe invasive GAS 
infections. Intravenous immunoglobulin have potential to interact at different stages in the GAS pathogenesis.
Ab, antibodies; SAg, superantigens; SCP, streptococcal cysteine protease (i.e., SpeB); SLO, streptolysin O;
SLS, streptolysin S.
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6.1.1. Antibodies Against GAS Virulence Factors
Opsonizing antibodies that promote phagocytosis and bacterial clearance of several pathogenic

microorganisms, including GAS, have been demonstrated in IVIG preparations (44,74–77). Basma
et al. (44) recently showed that opsonizing anti-M1 antibodies present in IVIG preparations were
conferred to the patients upon IVIG therapy, as evident by elevated opsonizing titers in plasma ob-
tained post-IVIG administration. Based on these data, it was suggested that increased bacterial clear-
ance through opsonizing antibodies against GAS could be a potential mechanistic action of IVIG
contributing to clinical efficacy of IVIG in invasive GAS infections (see Fig. 2). However, an experi-
mental murine model of necrotizing fascitiis that compared the efficacy of clindamycin, penicillin,
and IVIG, alone or in combination, failed to support this hypothesis (78). In this model, the efficacy
of the various treatment regimens was assessed based on quantitative bacterial clearance, and IVIG
did not enhance bacterial clearance of the M3 strain. This study does not rule out that IVIG-conferred
opsonic antibodies may effect bacterial clearance in patients; however, the results emphasize the
need for further studies to define the exact role of this mechanistic action in the efficacy of IVIG
therapy in severe invasive GAS infections.

Intravenous immunoglobulin has also been found to contain antibodies against a wide array of
GAS superantigens as well as other secreted GAS virulence factors (79–84). Specific antibodies
against the superantigens SpeA, SpeB, and SpeC (80), Dnase B, and streptolysin O (83,84) have been
demonstrated. The extraordinary broad specificity of IVIG was further highlighted by the finding
that IVIG could completely inhibit culture supernatants, containing a mixture of superantigens and
other extracellular bacterial virulence factors, from several different GAS serotypes, including M1,
M3, M4, M6, and M28 (81). The inhibitory effect of IVIG was noted both on the proliferative and
cytokine-inducing capacity of GAS superantigens, and the neutralizing activity was found to be trans-
ferred to the patients upon administration of IVIG with subsequent increased superantigen-neutraliz-
ing activity in patients’ plasma (79,80). This inhibitory activity of IVIG is not only exclusive for
superantigens expressed by GAS but also superantigens produced by S. aureus are potently inhibited
by IVIG (85,86).

Analyses of different IVIG preparations containing varying concentrations of IgG, IgA, and/or
IgM revealed that they varied in opsonizing and toxin-neutralizing capacity, and variation in inhibi-
tory activity was even observed between lots of the same preparation (77,81,87). IgA and IgM were
found to be potent inhibitors of GAS superantigens, and in the case of SpeA, the most efficient
neutralization was achieved by a preparation containing a mixture of IgG, IgA, and IgM (87). These
findings suggest that optimization of IVIG therapy may be achieved by changing the type or lot of
IVIG preparation. In fact, the recent Cochrane report on IVIG therapy in sepsis demonstrated a supe-
rior reduction in mortality by IgM-enriched IVIG preparations (n=194; RR=0.48; 95% confidence
interval [CI] 0.30–0.76) compared to standard polyclonal IVIG (n=219; RR=0.68; 95% CI-0.51–
0.89) (62).

6.1.2. Modulation of Cytokine Responses

Intravenous immunoglobulin is a powerful modulator of cytokine production, not only via direct
antigen neutralization but also through immunomodulatory activities that are mediated by pathways
not yet completely defined. These pathways are believed to include Fc interactions, soluble immune
components, and induction of regulatory cytokines (reviewed in 56 and 57), (see Table 3). A strong
induction of interleukin (IL)-1ra has been shown in human monocytes following culture on adherent
IgG (88) or coculture with IVIG (89,102). Also, IL-8 production is induced in human monocytes
following coculture with IVIG (90,91). IL1-ra is well known to exert anti-inflammatory activity
because of its interaction with IL-1 signaling; however, the effect of IL-8 as an anti-inflammatory
agent is not as clearly defined but has been suggested to inhibit the accumulation of neutrophils to the
sites of inflammation when induced systemically (103).
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Intravenous immunoglobulin has been shown to be a strong inhibitor of superantigen-induced
lymphokine production in vitro, with the strongest suppression seen for the Th1 cytokines interferon
(IFN)-γ and tumor necrosis factor (TNF)-β, as their production was almost completely abolished
(79,82,87,91). This inhibitory effect was seen, although to a lesser extent, even when the addition of
IVIG was delayed 24 hr poststimulation with superantigen, suggesting that additional mechanisms of
IVIG, aside from antigen neutralization, contribute to the inhibitory effect (82,91). A differential
effect of IVIG has been noted on superantigen-induced monokine production with upregulated IL-8
and decreased IL-6 production (91). Studies on the effect of IVIG on superantigen-induced IL-1
production have reported conflicting results, as one study demonstrated no effect on IL-1 production
(82), whereas the other reported a significant reduction of IL-1 (87). Thus, superantigen-induced
lymphokine production is potently suppressed by IVIG, and the monokine production may also be
modulated by IVIG, but further studies are required to define the effect of IVIG on superantigen-
induced monokines. However, because the Th1 type of cytokines is the hallmark of a superantigen
response, the powerful inhibition of these cytokines by IVIG most likely represents a major mecha-
nistic action of IVIG contributing to clinical efficacy.

Cytokine modulation by IVIG have also been shown in vivo in several diseases, including, among
others, severe invasive GAS infections where patients showed decreased levels of TNF-α and IL-6
(23,104); Guillain–Barré syndrome patients who showed a selective down-regulation of pro-
inflammatory cytokines (105), and Kawasaki patients who demonstrated elevated IL-1ra and IL-8, as
well as decreased proinflammatory cytokines following IVIG-therapy (106).

6.2. Clinical Studies of IVIG Therapy in STSS and Necrotizing Fasciitis
Several case reports have demonstrated clinical improvement after IVIG therapy of patients with

severe invasive GAS infections, including STSS, necrotizing fasciitis, and necrotizing myositis
(84,104,107–114) (see Table 4). There have been three reports on IVIG therapy in patients with
necrotizing fasciitis (20,54,63) (see Table 4). In the study by Kaul et al. (20), a reduction in mortality
rate (10% compared to 37%) was noted between IVIG-treated patients and nontreated controls. How-
ever, the only factors in this study that were independently associated with mortality of streptococcal
necrotizing fasciitis were age, hypotension, and bacteremia. Muller et al. (54) described six patients
with severe GAS disease and soft tissue involvement that were managed conservatively. Treatment
in all cases included clindamycin, a β-lactam, and high dose IVIG. All patients were hypotensive and
three patients developed STSS. One patient had limited exploratory surgery without debridement.

Table 3
Proposed Mechanistic Actions of IVIG in Cytokine Modulation

Mode of action of IVIG Proposed mechanism Consequence Ref.

SAg neutralization Anti-SAg antibodies Inhibition of super- 79, 80, 82, 86, 87
antigenic activity

Upregulation of Partly Fc interaction Anti-inflammatory 88–90
interleukin (IL)-1ra
Upregulation of Partly Fc interaction Anti-inflammatory 91–93
transforming growth
factor (TGF)-β
Upregulation of IL-8 Not defined Anti-inflammatory 90, 91
Cytokine neutralization Cytokine-specific Immunosuppression 94–98

 autoantibodies
Blockage of receptors Soluble HLA cl I and Immunosuppression 99–101
on immune cells II, sCD4, sCD8

Note: SAg, superantigen.
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Table 4
Clinical Studies of the Use of IVIG as Adjunctive Therapy in Severe Invasive GAS Infections

Diagnosis of patients No. of patients Case patality rate (%) GAS serotype Ref.

NF 16 IVIG 19 No predominate serotype 107
4, no IVIG 25

NF 10 IVIG 10 35% M1, 25% M3 20
67, no IVIG 37

NF 6 0 No predominate serotype 54
STSS + NM 1 0 M1 111
STSS + NF 1 0 NA 113
STSS + NF 1 0 NA 108
STSS + NF 1 0 NA 114
STSS 1 0 M1 112
STSS 1 0 M49 109
STSS 1 0 M1 104
STSS 1 0 M74 110
STSS 5 20 M1 84
STSS 21 IVIG 7 d: 10%; 30 d: 33%a 48% M1, 19% M3 23

32, no IVIG 7 d: 50%; 30 d: 66% 6% M1, 28% M3

Note: NF, necrotizing fascilitis; STSS, streptococcal toxic shock syndrome; NM, necrotizing myositis.
aCase fatality rate was determined at 7 and 30 d after diagnosis (23).

Table 5
Results of a Comparative Observational Study
of the Efficacy of IVIG Therapy in STSS

IVIG-treated cases Controls
Variables (n=21) (n=32) p-Value

Mean APACHE II score 26 25 0.99
Clindamycin therapy (%) 95 55 <0.01
Surgery (%) 67 38 0.04
Case fatality rates (%)

All patients
7 d 10 50 <0.01
10 d 33 66 0.02
Patients receiving clindamycin 30 53 0.06

Source: Data are adapted from (23).

One patient had repeated bedside drainage of her olecranon bursa. No other patient had surgery, and
all patients survived. This study, although limited in numbers, suggests that high-dose IVIG therapy
may, by virtue of its effects on both bacterial and host factors, slow or limit the systemic illness in
patients with severe GAS soft tissue infections, thereby allowing for nonoperative or minimally inva-
sive approaches in these patients.

An observational cohort study designed to evaluate the efficacy of IVIG therapy in patients with
STSS was conducted in Canada (23) (see Table 5). The study included 21 cases that were treated with
IVIG during 1994–1995 and 32 nontreated controls identified through Ontario’s Streptococcal Study
Group's  active surveillance during 1992–1995. Multivariate analysis revealed that IVIG therapy and
a lower acute physiology and chronic health evaluation II (APACHE) score was significantly associ-
ated with survival. One confounding factor in the material was that IVIG-treated cases were more
likely to have received clindamycin therapy than the controls (see Table 5). Therefore, a secondary
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multivariate analysis considering only cases and controls that had received clindamycin was per-
formed, and the APACHE II score and IVIG therapy remained the two variables associated with
survival. Further support for the use of IVIG was provided by in vitro studies of blood samples
collected pre-IVIG and post-IVIG therapy (23). Neutralizing activity against culture supernatant pre-
pared from the patient’s own infecting isolate increased significantly posttherapy, and the majority of
patient’s plasma caused 80–100% inhibition of the bacterial supernatants following IVIG-adminis-
tration. The clinical studies included patients infected with GAS strains of varying serotype (see
Table 4), which further supports the in vitro findings that IVIG has a very broad spectrum of
superantigen-neutralizing antibodies (23,79,81). IVIG therapy also resulted in a significantly reduced
TNF-α and IL-6 production in peripheral blood mononuclear cells in four patients tested (23). Thus,
together these data suggest that the clinical improvement achieved by IVIG therapy is partly attrib-
uted to inhibition of the superantigens produced by the clinical isolates and a reduction in the
proinflammatory response.

7. CONCLUDING REMARKS

There is much data from both in vitro and in vivo studies that support the use of IVIG as adjunctive
therapy in severe invasive GAS infections. The data suggest that IVIG most likely is efficacious
against GAS strains of varying serotypes with different superantigen expression profiles and that the
efficacy is contributed to direct antigen neutralization, suppression of proinflammatory responses,
and, potentially, bacterial opsonization (see Fig. 2). Although it would be desirable to have a large
controlled multicenter trial to provide definite proof of clinical efficacy of IVIG in these diseases,
considering the high mortality and morbidity of STSS and necrotizing fasciitis, it seems reasonable
that IVIG be used in conjunction with conventional therapy and surgery.
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