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Abstract

Sometime in the mid to late twentieth century the study of antibody‐mediated
immunity (AMI) entered the doldrums, as many immunologists believed that
the function of AMI was well understood, and was no longer deserving of
intensive investigation. However, beginning in the 1990s studies using mono-
clonal antibodies (mAbs) revealed new functions for antibodies, including
direct antimicrobial effects and their ability to modify host inflammatory and
cellular responses. Furthermore, the demonstration that mAbs to several intra-
cellular bacterial and fungal pathogens were protective issued a serious chal-
lenge to the paradigm that host defense against such microbes was strictly
governed by cell‐mediated immunity (CMI). Hence, a new view of AMI is
emerging. This view is based on the concept that a major function of antibody
(Ab) is to amplify or subdue the inflammatory response to a microbe. In this
regard, the ‘‘damage‐response framework’’ of microbial pathogenesis provides a
new conceptual viewpoint for understanding mechanisms of AMI. According to
this view, the ability of an Ab to affect the outcome of a host–microbe interaction is
a function of its capacity to modify the damage ensuing from such an interaction.
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In fact, it is increasingly apparent that the efficacy of an Ab cannot be defined
either by immunoglobulin or epitope characteristics alone, but rather by a
complex function of Ab variables, such as specificity, isotype, and amount, host
variables, such as genetic background and immune status, and microbial
variables, such as inoculum, mechanisms of avoiding host immune surveillance
and pathogenic strategy. Consequently, far from being understood, recent
findings in AMI imply a system with unfathomable complexity and the field
is poised for a long overdue renaissance.
1. Introduction

The classical view of antibody‐mediated immunity (AMI) is that specific
antibody (Ab) produced during the immune response to a microbial infection
helps to clear the microbe by enhancing the efficacy of innate immune
mechanisms and then confers immunity to subsequent encounters with the
microbe. Consistent with this view, historically established mechanisms of
AMI include viral and toxin neutralization, complement activation, phagocyto-
sis, and antibody‐dependent cellular cytotoxicity (ADCC) (Janeway et al.,
2001). The correlation between a defined amount of serum Ab and immunity
against certain viral, bacterial, and toxin‐mediated diseases provided proof that
AMI is protective (Robbins et al., 1995). Unfortunately, this tidy view of AMI
does not apply to many infectious diseases, particularly those caused by
intracellular pathogens such as Mycobacterium tuberculosis and Listeria
monocytogenes. In fact, it is difficult to establish a role for AMI in host defense
against many pathogenic microbes based on correlations between serum Ab
levels and disease prevention and/or efficacy of passive Ab administration
(Casadevall, 2004). The difficulty in establishing a role for AMI against intra-
cellular microbes, evidence that the effective tissue response against many
intracellular bacteria and fungi is granuloma formation, and that individuals
with defects in cell‐mediated immunity (CMI) are at increased risk for disease
with such microbes, led to the paradigm that AMI and CMI have dichotomous
roles, whereby AMI protected against extracellular and CMI protected against
intracellular pathogens, respectively (Casadevall, 2003). However, studies with
monoclonal antibodies (mAbs) and mice deficient in B cells and Fc receptors
suggest that AMI is remarkably complex and poorly understood and that the
time is ripe not only just for a paradigm shift but also for a major rethinking of
the role of AMI in health and disease. Consequently, the reevaluation of AMI
for intracellular pathogens is serving as a major catalyst for revising certain
long‐held concepts in immunological thought.
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2. Intracellular and Extracellular Pathogenic Microbes:
How Distinct Are They?

When immunologists consider the relative efficacy of AMI and CMI against a
microbe, they often focus on whether it is an intracellular or extracellular
pathogen. A major impetus for the classification of microbes as intracellular or
extracellular was to ground the understanding of host defense against microbes
with different pathogenic strategies in known and emerging immunological
mechanisms. Based on what were believed to be fundamental mechanisms of
AMI and CMI, AMI was viewed as the essential mediator of protection
against extracellular microbes. As such, AMI was considered to be incapable
of protecting against intracellular microbes because immunoglobulins are
largely confined to the extracellular space. On the other hand, the discoveries
that T cells only recognize antigen (Ag) in the context of Ag‐presenting
molecules and that infected cells express microbial Ags on their surface
provided a mechanistic rationale for separating the roles of AMI and CMI
based on the availability of microbial ligands and microbial localization during
infection. The paradigm of a duality in function for AMI and CMI that has
dominated thinking in immunology since the 1960s made sense in light of the
inability to demonstrate efficacy of AMI against many intracellular pathogens
and the prevailing understanding of mechanisms of Ab and T cell function. By
the late twentieth century, this view of a division of labor for AMI and CMI was
rather universally accepted, leading to it being used as the intellectual and
basic scientific framework for research on host defense and vaccine design
against many pathogenic microbes. However, closer scrutiny of the concept
that AMI protects against extracellular pathogens and CMI protects against
intracellular pathogens reveals numerous flaws in this paradigm.

A central problem in separating microbes into extracellular and intracellular
groups has been the ambiguity, uncertainty, and inconsistency of these desig-
nations. First, the classification of microbes as intracellular or extracellular is
almost exclusively applied to pathogenic bacteria and fungi. Paradoxically,
viruses are usually not considered within the rubric of intracellular pathogens,
although they have an absolute requirement of intracellular replication. Simi-
larly, certain protozoa with intracellular phases in their growth cycles, such as
Plasmodium spp., are not usually viewed through the intracellular versus
extracellular immunological lens. In fact, microbes that are not full‐time
intracellular or extracellular inhabitants pose a problem for the AMI/CMI
duality, since AMI is known to be effective against many viral diseases and is
acknowledged as an important component of protection against Plasmodium‐
related diseases (Pleass and Holder, 2005). Second, all microbes, with the
possible exception of endogenous retroviruses, have an extracellular phase
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during which they exist outside the cell membrane. Even microbes capable of
cell‐to‐cell spread, such as L. monocytogenes and Shigella flexneri, inhabit
extracellular spaces when they first infect a host. Of relevance, AMI can be
active and effective during this period, even if brief, as evidenced by the
finding that Ab‐mediated protection for the obligate intracellular pathogen
Ehrlichia chaffeensis occurs during the brief period of extracellular life phase
(Li and Winslow, 2003). Third, some authorities base their definitions of
intracellular and extracellular on whether replication occurs predominantly
in the intracellular or extracellular space. Such distinctions are often based on
either in vitro observations of infected monolayers or pathological examination
of infected tissues. Hence, the fungus Histoplasma capsulatum is considered
an intracellular pathogen because it is found almost exclusively inside macro-
phages in infected tissues. On the other hand, Streptococcus pyogenes and
Staphylococcus aureus are never considered intracellular pathogens, despite
the fact that both have been found to persist in phagocytes (Gresham et al.,
2000; Medina et al., 2003). Fourth, encapsulated organisms, such as Strepto-
coccus pneumoniae, Neisseria meningiditis, and Haemophilus influenzae, are
often considered extracellular pathogens because their capsules are antipha-
gocytic in vitro, which allows them to survive in the extracellular space
(Collins, 1979). However, each of these organisms is often found inside phago-
cytic cells in tissue. In fact, the presence of a capsule cannot be used as
definitive criterion for intracellular versus extracellular classification. The
pathogenic fungus Cryptococcus neoformans has a large polysaccharide cap-
sule yet replicates inside macrophages in vivo and in vitro (Feldmesser et al.,
2000) and, as noted above, S. pyogenes and S. aureus persist without being
killed in neutrophils (Gresham et al., 2000; Medina et al., 2003). On the other
hand, M. tuberculosis has an outer polysaccharide capsule, yet is considered a
prototypic intracellular pathogen (Daffe and Etienne, 1999).
The classification of microbes as intracellular or extracellular pathogens lacks

rigorous definitional boundaries and on close examination reflects a certain
degree of circular reasoning. For example, one argument for the paradigm
that AMI protects against extracellular pathogens whereas CMI protects against
intracellular pathogens was that AMI could not be demonstrated to protect
many intracellular pathogens, despite serious limitations in the methodologies
available for evaluating AMI (Casadevall, 2004). This led to the tendency to use
a lack of AMI against a microbe as a criterion for classifying it as an intracellular
pathogen from an immunological perspective. In fact, it was argued that one
criterion for assessing the efficacy of CMI in host defense was demonstrating
lack of protection by AMI (Mackaness, 1977). However, in retrospect it is
clear that serious limitations in the available methodologies for evaluating
AMI, including their dependence on heterogeneous, impure reagents, made
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it impossible to conclude that negative results meant that AMI was ineffective
(Casadevall, 2004). Furthermore, it is noteworthy that the AMI versus CMI
paradigm for extracellular and intracellular pathogens, respectively, was derived
from the examination of a relatively small number ofmicrobes. For example, the
enormously authoritative and influential reviews of Mackaness and Collins
that posited the importance of CMI for intracellular pathogens were focused
on a small subset of pathogenic microbes such as Mycobacterium spp.,
L. monocytogenes, and Salmonella spp. (Collins, 1979; Mackaness, 1971,
1977). Nonetheless, it is noteworthy that the proposal that CMI was protective
against these organisms emerged from a struggle to establish a role for CMI in
the mid‐twentieth century immunological world that often equated Ab with
immunity. Hence, the focus on a few organisms for which AMI could not be
demonstrated made sense in the context of establishing the field of cellular
immunity. As such, the investigators who pioneered those studies left us a legacy
of outstanding science and a greater understanding of host defense. However,
the problem arose when the principles derived from a few microbes were
generalized to the larger set of pathogenic microbes. There have always been
microbes with intracellular pathogenic strategies for which AMI appeared to be
important, including Bacillus anthracis and Legionella pneumophilia. AMI is
protective against anthrax (Beedham et al., 2001; Little et al., 1997), although
B. anthracis is not considered an intracellular pathogen in an immunological
context. Although B. anthracis is a free‐living spore that does not require a host
for survival, it replicates within macrophages after escaping from the phago-
some to the cytosol (Dixon et al., 2000), making it a classical intracellular
pathogen by most definitions. AMI also contributes to host defense against
L. pneumophilia (Brieland et al., 1996; Eisenstein et al., 1984a; Rolstad and
Berdal, 1981), a free‐living bacterium in water sources capable of replicating
inside macrophages and amoebae. These examples and the aforementioned
ability of gram‐positive organisms to persist in phagocytes illustrate that neither
the ability for intracellular replication nor phylogenetic derivation nor the
relative efficacy of AMI and CMI can be used as a singular or definitive criterion
for designating a microbe as extracellular or intracellular. Consequently, the
distinction between intracellular and extracellular, as the terms are most com-
monly used, appears to be more microbe specific, than based on shared or
common microbiologic or pathogenic characteristics. Hence, our view is that
the paradigm of a dichotomous role for AMI and CMI for extracellular and
intracellular microbes, respectively, is logically inconsistent and inadequate to
serve as a pillar of immunological theory and thought. Nonetheless, the separa-
tion of microbes into intracellular and extracellular pathogens has formed
the basis of much immunological thought and was central to the development
of current views of the relative efficacy of AMI and CMI (Collins, 1974;
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Mackaness, 1971). Therefore, this chapter will discuss AMI from the vantage
point of this distinction. Cognizant of the limitations of the term intracellular, we
will use it to refer to microbes that have significant intracellular growth phases
and for which CMI is generally considered to be the primary host defense
mechanism.
3. Components of AMI

The term AMI is used here to encompass all the protective effects associated
with Ab, including those mediated by ‘‘naturally occurring Ab,’’ passively
transferred Ab, and acquired Ab (Ab generated by an immune response).
When considering the function of AMI, it is worthwhile to remember that
serum contains a high concentration of immunoglobulin proteins that include
many different microbial and self‐specificities and isotype compositions. This
immunoglobulin pool reflects the host response to endogenous microbiota as
well as the immunological memory of the host for a variety of acquired
microbial agents. Understanding the role of AMI in protection against infec-
tious diseases involves developing an appreciation for the differences in func-
tion between Abs referred to as ‘‘naturally occurring,’’ those that are passively
administered, and those that are induced by a specific agent.
The term naturally occurring is inexact and vague. This designation was

probably meant to differentiate preexisting Ab from that generated during an
immune response, which is often referred to as ‘‘specific’’ or ‘‘acquired’’ Ab. In
fact, a rise in titer in serological assays is sometimes used to try to distinguish
naturally occurring Ab from specific Ab produced in response to a specific
agent. Important caveats to this approach are that the heterogeneous nature of
serum precludes knowing whether the Abs detected before contact with an
agent recognize the same determinants as those that are detected afterward
and that many methods of detecting Ab can measure some degree of reactivity
with the agent of interest. Issues of detection notwithstanding, a problem with
the term naturally occurring Ab is that the actual agent/s that elicited such Abs
is/are essentially unknown. Further, the naturally acquired Ab repertoire also
consists of Abs that can be shown to be cross‐reactive with a multitude of
microbial and even self‐determinants, making their origin even more elusive.
In this chapter, we will use the term naturally occurring to refer to preexisting
Abs that are found in the serum of a host prior to contact with a new microbial
agent and/or immunogen.
Naturally occurring Ab has the capacity to bind pathogenic microbes even

when the host has not encountered the microbe in question. Although the
interaction of naturally occurring Ab with a microbe is often a low‐affinity
interaction, the principle of mass action is likely to enable some immunoglobulin
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binding to microbial surfaces since the concentration of immunoglobulins in
serum is high. Since Ab binding is sufficient to induce B cell activation, low‐
affinity interactions between an Ab and Ag have the potential to induce biologi-
cally relevant Ab activity. Contrary to prevailing thought, it has been proposed
that low‐affinity Abs have a better potential to discriminate between, and as such
be more specific for given antigenic determinants, since they are more likely to
dissociate than high affinity Abs (Van Regenmortel, 1998).

Consistent with a biological role for such Abs, there is increasing evidence
that naturally occurring Abs provide a key layer of early protection against
many pathogenic microbes by virtue of their capacity for low‐affinity interac-
tions. The importance of preexisting Abs in resistance to numerous pathogens,
including bacteria, viruses, and parasites, in animal models of infectious dis-
eases has been increasingly recognized (Boes et al., 1998a; Brown et al., 2002;
Couper et al., 2005; Rajan et al., 2005). Some of these models rely on the use
of secretory IgM (sIgM)‐deficient mice, which have a defect in IgM secretion
that results in their having normal serum levels of other isotypes but no
serum IgM (Boes et al., 1998b). Preexisting IgM is crucial for resistance to
pneumococcus in mice (Brown et al., 2002), despite the fact that serum levels
of IgG are considered a surrogate for vaccine efficacy against this microbe.
IgM derived from a defined repertoire of memory B cells has been strongly
implicated in protection against pneumococcal disease in humans (Carsetti
et al., 2005; Kruetzmann et al., 2003; Shi et al., 2005). This population of
B cells is reduced in patients at high risk for pneumococcal disease, including
HIV‐infected individuals and the elderly (Chong et al., 2004; Shi et al., 2005).
The activity of germline and/or early acquired IgM against viral pathogens,
such as influenza andWest Nile virus, and other agents, such as pneumococcus
(Brown et al., 2002; Diamond et al., 2003; Harada et al., 2003; Mehlhop et al.,
2005), implicates naturally occurring IgM as an important component of
innate immune responses to and complement‐mediated protection against
these agents. One mechanism by which naturally occurring AMI could con-
tribute to host defense is by amplifying complement activation and providing
opsonins. This function suggests that AMI could play a proinflammatory
role, shortening the response time when the host encounters a pathogenic
microbe. On the other hand, IgM has been shown to inhibit complement
activation without compromising opsonic activity, in some instances by
blocking classical but not alternative complement pathway activation (Walpen
et al., 2004; Werwitzke et al., 2005). Given that our appreciation of the
importance of naturally occurring Abs in host defense against infectious dis-
eases is in its infancy, future studies are likely to reveal a fuller understanding
of the mechanisms that govern the efficacy of naturally occurring AMI in host
defense.
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Passively administered Ab confers a form of AMI that is different than
either naturally occurring or AMI that is induced by a specific Ag/agent.
Most passively administered Abs have either known specificity or protective
properties that are already known to confer a state of immediate immunity.
However, pooled, nonspecific immunoglobulin preparations are in use as anti‐
inflammatory therapy for diseases as diverse as inflammatory myopathies and
streptococcal toxic shock (Dalakas, 2003; Norrby‐Teglund et al., 2003). The
efficacy of nonspecific immunoglobulin in toxic shock syndrome has been
attributed to toxin neutralization (Darenberg et al., 2003). IgM‐enriched
immunoglobulin preparations (pentaglobulin) were found to be cost effective
in treatment of severe septic shock (Neilson et al., 2005), an effect that
could reflect the ability of certain IgMs to bind endotoxin (Bennett‐Guerrero
et al., 1997; Maury et al., 2003) or to inhibit complement activation (Rieben
et al., 1999; Walpen et al., 2004). When used as antimicrobial therapy against
experimental infection, passive Ab is most effective when administered before
microbial challenge. In fact, passive Ab is often ineffective against established
infection. Hence, passive Ab preparations must be able to be effective in the
context of early innate and cellular immune responses. Passive Ab is often
ineffective against established infection. This raises a fundamental problem
that has never been adequately explained, since Ab presumably contributes to
host defense in natural infection even though it is made in response to
infection. For example, clinical improvement from pneumococcal pneumonia
in the preantibiotic era was associated with the appearance of specific serum
Ab. One explanation for this phenomenon, which is consistent with the obser-
vation that recovery from many infections occurs sooner than the time it takes
for a specific Ab response to develop, is that the Abs that protect against acute
infection are part of the natural, preexisting repertoire and that these Abs are
different from acquired Abs, protect against reinfection, or downregulate the
inflammatory response by engaging inhibitory Fc receptors. In these scenarios,
naturally occurring AMI would cooperate with innate immune mechanisms
and the nascent CMI response to contain infection, while the secondary IgG
response is made later for long‐lasting immunity (Fig. 1). Hence, the efficacy
of passively administered specific Ab in a naı̈ve host may recapitulate condi-
tions that mimic the immune response or reencounter with a microbe more
than the naı̈ve response.
Specifically induced or acquired AMI involves the production of IgM, IgA,

or IgG in response to a microbial agent or immunization. A paradoxical
observation involving AMI is that specific IgG is often made after the host
has recovered. In fact, a rise in serum IgG titer is a time‐honored method for
diagnosing many infectious diseases. This observation begs the question of why
IgG is made after recovery from most infectious diseases. Invoking a need to



Figure 1 The proposed role of Ab as an regulator of the inflammatory and cellular response
(Casadevall and Pirofski, 2003). The scheme is idealized for a host–microbe interaction whereby
the immune system can contain and eradicate the microbe. The left hand y‐axis depicts the cellular
inflammatory response to a microbe. The right hand y‐axis depicts Ab action shown as pro-
inflammatory and anti‐inflammatory effects. In this schema, IgM functions predominantly in a
proinflammatory role, which augments the innate cellular immune response to and pathogen
clearance, and IgG functions predominantly in an anti‐inflammatory role, which decreases the
cell‐mediated inflammatory response that follows pathogen clearance. This is depicted on the right
hand y‐axis. According to this view, Ab helps to confer the state of immunity by downregulating the
CMI of a primed host on a subsequent encounter with the same microbe (Casadevall and Pirofski,
2003).
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prevent recurrences is a somewhat unsatisfactory answer if the initial innate
and cellular response was adequate to clear the first bout of disease. Never-
theless, an adaptive response that avoids recurrent bouts of a particular disease
would have a significant survival advantage. The presence of serum IgG is a
marker of immunity for many infectious diseases, even if IgG may not have
been responsible for control of the initial infection.
4. AMI in the Context of the ‘‘Damage‐Response Framework’’

Given that AMI is a host defense mechanism against pathogenic microbes, an
attempt to understand its function should account for Ab action in the context
of principles of microbial pathogenesis. Unfortunately, until recently we lacked
a unified theory that incorporated the contribution of the host response as well
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as the microbe into microbial pathogenesis. We have proposed the damage‐
response framework (Casadevall and Pirofski, 1999, 2003) as a unified theory
of microbial pathogenesis. This theory is grounded by the proposal that the
common denominator in all cases of microbial pathogenesis, irrespective of the
causative microbial agent, is damage to the host. This view provides a univer-
sal, yet flexible, construct to account for microbial pathogenesis without the
need for separate categories for different types of microbes. According to the
damage‐response framework, damage is defined as a perturbation of host
homeostasis that disrupts or alters tissue integrity, function, physiology, bio-
chemistry, or hemodynamics or cellular function, secretion or inflammation.
The damage‐response framework is built on the following three tenets:

(1) microbial pathogenesis is the outcome of an interaction between a host
and a microbe, (2) the relevant outcome of host–microbe interaction is damage
in the host, (3) damage can be the result of host factors, microbial factors, or
both (Casadevall and Pirofski, 1999, 2003). Consequently, the outcome of
host–microbe interaction can be plotted on a u‐shaped curve, whereby the
y‐axis represents the amount of host damage and the x‐axis represents the host
response from weak to strong going from left to right (Fig. 2). The terms weak
and strong are relative and include both quantitative and qualitative para-
meters (Casadevall and Pirofski, 1999). Although we recognize that plotting an
immune response along a single axis is an oversimplification of an enormously
Figure 2 The basic curve of microbial pathogenesis as proposed by the damage‐response frame-
work is a parabola whereby host damage from the host–microbe interaction occurs primarily at the
extremes of immune response (Casadevall and Pirofski, 1999, 2000, 2003). One can modify this
curve to generate classify known pathogens into six groups (Casadevall and Pirofski, 1999). The
curve can also be modified to account for commensal host–microbe interactions. Most of
the classical intracellular pathogens considered in this chapter are class 3 pathogens (Casadevall
and Pirofski, 1999) and are represented by the curve shown here.
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complex process, the continuum from weak to strong provides a first appro-
ximation for developing systematic approach to understanding microbial
pathogenesis. Certain infectious diseases are the result of excessive (strong,
inappropriate) immune responses that require downregulation of inflamma-
tion, whereas others are the result of insufficient (weak, inappropriate)
immune responses that require bolstering. Hence, it is logical to assess Ab
function based on its impact on host damage and the nature of the immune
response to a microbial agent.

The damage‐response framework is a new schema for understanding the
role of AMI in health and disease. In the context of the damage‐response
framework, a protective Ab is one that shifts the curve depicting host damage
as a result of the immune response in favor of the host by reducing damage.
This can occur as a result of Ab‐mediated reduction of an exuberant inflam-
matory response (shift to the left) or enhancement of a weak inflammatory
response (shift to the right) (Fig. 3). Often, host damage in the setting of a
weak immune response is a result of microbial factors, whereas damage in
the setting of a strong immune response reflects an excessive inflammatory
response. Hence, in the setting of a weak host response to a microbe, a
protective Ab might enhance the immune response. This could be mediated
by an Ab with the ability to augment the inflammatory response. This type of
phenomenon was described for an IgM to the polysaccharide capsule of
S. pneumoniae, which promoted earlier recruitment of neutrophils to the
lungs of mice with pulmonary infection (Burns et al., 2005). However, later
in the course of infection, when control mice had high levels of proinflamma-
tory mediator expression, the same Ab led to downregulation of chemokine
expression in lung. Hence, Abs can mediate protection by downregulating the
immune response in the setting of strong immune responses, during which
high levels of inflammatory mediators are major contributors to host damage.
Along these lines, Ab‐mediated protection to C. neoformans in mice has
been associated with downregulation of IFN‐g and, in some mouse strains,
increased levels of IL‐4 and IL‐10 (Feldmesser et al., 2002; Rivera and
Casadevall, 2005; Rivera et al., 2002, 2005). However, in certain conditions,
Ab administration to mice with chronic C. neoformans infection can result
in catastrophic cardiovascular collapse associated with release of platelet‐
activating factor and other proinflammatory mediators (Lendvai et al., 2000;
Savoy et al., 1997). Furthermore, experiments with human cells in vitro have
clearly demonstrated the same type of antibodies can promote the release
of proinflammatory mediators under certain conditions (Vecchiarelli and
Casadevall, 1998; Vecchiarelli et al., 1998a,b) (52–54). Consequently, a given
Ab can mediate proinflammatory or anti‐inflammatory changes depending on
the specific host–microbe interaction.



Figure 3 Conceptual representation of Ab that enhances or diminishes the immune response in
the context of the damage‐response framework of microbial pathogenesis. (A) An Ab that di-
minishes the immune response would be protective for host 3, disease enhancing for host 1, and
have no clinical effect on host 2. (B) An Ab that enhances the immune response would be
protective for host 1, disease enhancing for host 3, and have no clinical effect on host 2.
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In contrast to protective Abs, a disease‐enhancing Ab would shift the curve
such that host–microbe interaction resulted in greater host damage. In this
regard, immune complexes to Leishmania have been proposed to contribute to
virulence by promoting the secretion of IL‐10 that downregulates the immune
response (Miles et al., 2005), thereby shifting the curve to the left. However,
Ag–Ab complexes can also shift the curve to the right as evidenced by the
observation that Ab administration to certain mice with chronic C. neoformans
infection caused cardiovascular collapsed from secretion of the inflammatory
mediator platelet‐activating factor (Lendvai et al., 2000; Savoy et al., 1997).
Hence, it is increasingly apparent that, rather than being inherently good or
bad, the effects of Abs are either beneficial or deleterious in a host, depending
on the type of microbe–host interaction, including the setting in which damage
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occurs as a function of the host immune milieu and response. A logical
extension of this concept is that an Ab that is protective in one host may not
be protective in another if the nature of their immune responses to the
relevant agent places them on different parts of the damage‐response curve
(Fig. 3). These concepts have important ramifications for vaccine design since
vaccine efficacy could depend on enhancement of the immune response for
those with weak immune responses, but enhanced responses could be detri-
mental in those who naturally generate strong immune responses. An excessive
inflammatory response mediated by immune complexes could have been in
part responsible for the failure of the killed measles vaccine, which was
associated with the development of atypical measles (Polack et al., 1999).
Hence, more than one type of vaccine may be needed to prevent infectious
diseases that can develop in the setting of either weak or strong immune
responses.

Toxin‐mediated diseases are viewed by the damage‐response framework as a
special case whereby damage occurs across a range of host responses. Bacterial
toxins, such as those produced by Clostridium tetani and Corynebacterium
diphtheriae, cause host damage without eliciting a significant immune response
as evidenced by the fact that neither tetanus nor diphtheria confers immunity to
recurrent disease (Spenney et al., 1971). AMI protects against these diseases
through toxin neutralization, a phenomenon that would reduce the incidence of
disease without necessarily altering the prevalence of infection.

Another important principle of the damage‐response framework is that the
state of the host–microbe interaction is a function of time (Casadevall and
Pirofski, 2003). The damage‐response framework sees no fundamental differ-
ence between the states of colonization, commensalism, latency, and disease
except for the amount of host damage that results from the host–microbe
interaction over time (Casadevall and Pirofski, 2003). Hence, Abs that are
protective in some host–microbe interactions could prevent host damage that
would otherwise lead to progression from colonization or latency to disease.
This provides a functional explanation for how vaccines for microbes that often
exist in a state of colonization prevent disease; protective Ab responses would
control host damage, keeping it below the threshold that would result in
disease. Abs that promote or maintain a state of latency could contribute to
protective responses because they decrease the likelihood that disease will
ensue. Although Abs that maintain latency have not been identified, they
have not been looked for, raising the question of whether certain naturally
occurring and/or specifically induced Abs that bind latent microbes, such as
M. tuberculosis, herpesviruses, or C. neoformans, have a role in maintaining
latency. This concept is supported in principle by serological studies that
showed a decline in IgM to cryptococcal capsular polysaccharide in individuals
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at high risk for the development of disease (Fleuridor et al., 1999; Subramanian
et al., 2002). Further, the demonstration that vaccination of elderly individuals
against varicella‐zoster virus prevented herpes zoster suggests that the elicited
Abs helped to maintain the latent and prevent the development of disease
(Oxman et al., 2005). Perhaps Abs similar to those that were elicited by the
vaccine are already present in individuals who do not develop herpes zoster.
In contrast to Abs that mediate protection, Abs that enhance disease or are

deleterious are those that contribute to progression of damage and/or disease.
Examples of such Abs are those that are part of damaging immune complexes
or those that enhance uptake of microbes, which improves their ability to
replicate and damage host cells, such as certain Abs to Dengue virus (Sullivan,
2001). In summary, the damage‐response framework provides a flexible sche-
ma by which to characterize Ab efficacy, which, despite the complexity of the
interactions that underlie host–microbe relationships and Ab function, can be
reduced to assessment of how Ab affects two relationships: host damage as a
function of the host immune response and host damage as a function of time.
5. Abs as Enhancers of Innate Immunity

The importance of naturally occurring Abs, predominantly of the IgM isotype,
in enhancing innate immune responses to a multitude of pathogens is being
increasingly recognized. In addition to the aforementioned animal models in
which microbial virulence is reduced in the absence of serum IgM (see
earlier), naturally occurring IgMs enhance complement‐mediated and
complement‐independent antimicrobial mechanisms. For example, naturally
occurring swine IgM promoted complement‐mediated lysis of pseudorabies
virus–infected cells (Hayashi et al., 2005) and naturally occurring human
serum IgM that lacked the ability to promote complement‐mediated lysis
in vitro protected infant rats against N. meningiditis serogroup B, a serogroup
against which an effective vaccine has not yet been developed (Toropainen
et al., 2005). The mechanism by which such protection is mediated is not
known. However, in light of the discovery that the efficacy of a nonopsonic
IgM to pneumococcal polysaccharide was associated with downregulation of
the proinflammatory response to pulmonary pneumococcus infection (Burns
et al., 2005), a similar mechanism could be operative against other microbes.
Such a mechanism appears to allow innate host defense mechanisms to combat
the microbe, while reducing the damage that might result from the inflamma-
tion induced by this process. Consistent with the idea that naturally occurring
Abs can regulate the inflammatory response, natural IgM was found to pro-
mote granuloma formation in an experimental model of filarial infection (Rajan
et al., 2005). One clue to the mechanism by which some such Abs might work
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is the discovery of a natural IgM Ab that enhanced the Ag‐presenting ability of
dendritic cells by binding to B7 (Radhakrishnan et al., 2003), suggesting that
an Ab ligand can link receptors of innate and acquired immunity. Another
mechanism by which naturally occurring Abs could enhance the potential of
innate immunity to microbial pathogens is through the catalytic activity that
has been demonstrated for some such molecules (Nathan, 2002; Paul et al.,
2005). The ability of certain Abs to mediate catalysis has been attributed to
variable region nucleophilic sites with the capacity for covalent binding (Paul
et al., 2005). Although whether the rate of catalysis mediated by catalytic Abs is
sufficient to confer biological activity in vivo has been debated, higher levels of
catalytic IgG correlated with better survival in patients with septic shock
(Lacroix‐Desmazes et al., 2005).
6. Abs as Direct and Indirect Effector Molecules

Abs can promote host defense by direct or indirect mechanisms (Table 1).
Direct Ab functions are those that are manifest when an Ab binds a microbe
and/or a microbial component and mediates an antimicrobial or antitoxin
effect. Direct Ab functions include those classically associated with AMI
such as complement activation, agglutination; toxin and viral neutralization.
With the exception of toxin and viral neutralization, these direct effects are
facilitated by Abs but mediated in concert with other components of the
immune system. However, a considerable body of evidence has accumulated
indicating that certain Abs can mediate direct effects against bacteria and fungi
by themselves. Specific IgM can be bactericidal to Borrelia in the absence of
complement by killing the bacteria through surface effects (Connolly and
Benach, 2001; Connolly et al., 2004). Abs that mimic the action of a yeast
killer toxin have been shown to be directly microbicidal to a variety of different
classes of microbes, including Leishmania spp. (Savoia et al., 2002), Candida
albicans (Polonelli et al., 1996), Aspergillus (Torosantucci et al., 2005) and
M. tuberculosis (Conti et al., 1998). Abs to C. albicans surface Ags inhibited
hyphal formation and growth (Moragues et al., 2003). In fact, a single mAb to
C. albicans has been shown to mediate multiple antifungal effects including
inhibition of germination and attachment to host cells in addition to having
direct candidicidal activity in vitro (Moragues et al., 2003). A list of direct Ab
effects is provided in Table 2.

In contrast, indirect Ab functions are antimicrobial effects mediated
through actions with effector cells and/or by changes in the inflammatory
and immune response. Indirect Ab functions classically associated with AMI
are phagocytosis and ADCC. AMI can have profound effects on the inflamma-
tory response through a variety of mechanisms that include activation of



Table 1 Direct and Indirect Antimicrobial Activities of Abs

Ab mechanism and/or action Type Reference

Opsonization Direct Janeway et al., 2001
Complement activation Direct Janeway et al., 2001
Viral neutralization Direct Janeway et al., 2001
Toxin neutralization Direct Janeway et al., 2001
ADCC Direct Janeway et al., 2001
Bactericidal Direct Connolly and Benach, 2001;

Connolly et al., 2004;
Goel and Kapil, 2001

Fungistatic Direct Moragues et al., 2003; Rosas et al., 2001;
Torosantucci et al., 2005

Interference with
antigen release

Direct Martinez et al., 2004

Interference with
biofilm formation

Direct Martinez and Casadevall, 2005

Interference with
iron acquisition

Direct Fitzgerald and Rogers, 1980

Generation of oxidants Direct Wentworth et al., 2002
Oxidative burst Indirect Johnston et al., 1976;

Mozaffarian et al., 1995
Changes in cytokine

expression
Indirect Anderson and Mosser, 2002;

Gerber and Mosser, 2001;
Marsh et al., 1994, 1995, 1997, 1998;
Vecchiarelli et al., 1998b

Release of prostaglandins Indirect Neuwirth et al., 1988
Changes in costimulatory

molecule expression
Indirect Vecchiarelli et al., 1998c

Changes in FcgR expression Indirect Rivera and Casadevall, 2005
Enhancement of lysosome‐

phagosome fusion
Indirect Armstrong and Hart, 1975
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inhibitory FcR receptors, modulating the release of proinflammatory and anti‐
inflammatory cytokines, promoting release of prostaglandins, and clearance of
microbial molecules with immunomodulatory effects (Casadevall and Pirofski,
2003). In addition, intravenous immunoglobulin (IVIG) has been shown to
induce neutrophil apoptosis via an Fc receptor‐dependent H2O2‐dependent
pathway (Takeshita et al., 2005), a function that could contribute to its anti‐
inflammatory activity. Indirect Ab functions may be beneficial or detrimental
to the host, depending on the type of host–microbe interaction. Ab effects that
reduce host damage due to the inflammatory response can be expected to
translate into Ab‐mediated protection, whereas proinflammatory changes that
increase damage can be expected to result in no protection or disease‐enhancing



Table 2 Facultative and Obligate Intracellular Pathogens for Which Ab Can Affect the Outcome
of Experimental Infection

Organisma Referenceb

Anaplasma marginale Tebele et al., 1991
Brucella abortus Bowden et al., 1995; Elzer et al., 1994
Chlamydia spp. Cotter et al., 1995; Zhang et al., 1987
Cryptococcus neoformans Dromer et al., 1987; Fleuridor et al., 1998;

Mukherjee et al., 1992; Sanford et al., 1990
Ehrlichia chaffeensis Kaylor et al., 1991; Li et al., 2001, 2002
Histoplasma capsulatum Nosanchuk et al., 2003
Legionella pneumophilia Brieland et al., 1996; Eisenstein et al., 1984a
Leishmania spp. Anderson et al., 1983; Savoia et al., 2002
Listeria monocytogenes Edelson and Unanue, 2001; Edelson et al., 1999
Mycobacteria tuberculosis Chambers et al., 2004; Hamasur et al., 2003, 2004;

Pethe et al., 2001; Teitelbaum et al., 1998; Williams et al., 2004
Rickettsia typhi Gambrill and Wisseman, 1973
Salmonella spp. Eisenstein et al., 1984b; Ornellas et al., 1970; Robbins and

Robbins, 1984; Watson et al., 1992
Shigella flexneri Phalipon et al., 1995
Toxoplasma gondii Cha et al., 2001; Johnson and Sayles, 2002; Johnson et al.,

1983; Mineo et al., 1994; Pavia et al., 1992

aThe strength of the evidence for the protective role of AMI varies for the different pathogens
listed below.

bNot a complete listing.
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effects. Although the distinctions between direct and indirect effects are some-
what artificial and simplistic and there is some overlap of these effects, they
provide a useful construct to categorize mechanisms of AMI. Nonetheless, it
must be recognized that the interrelatedness of components of the immune
system is such that any action mediated by an Ab is likely to affect other aspects
of the immune response.

Considering Ab‐mediated effects to be part of direct or indirect effector cate-
gories can provide clues as to why it has been so difficult to demonstrate the
efficacy of AMI against intracellular pathogens. Historically, immunological
concepts of Ab‐mediated protection have largely focused on direct Ab effects
that apply primarily to toxins and extracellular microbial pathogens, with less
emphasis on considering indirect effects of Ab action, such as modulation of
the inflammatory response. This was undoubtedly a consequence of the fact
that the tools for studying mediators of inflammation have become available
relatively recently. Furthermore, the view that Ab molecules were confined to
the extracellular space by cell membranes encouraged the view that AMI
was not a major contributor to host defense against intracellular pathogens.
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However, when indirect Ab functions are taken into account, it is clear that
there are numerous mechanisms by which AMI can affect the outcome of
host–microbe interactions with intracellular pathogens.
An important burgeoning role for AMI is found in the emerging under-

standing that Ab can be required for resistance to reinfection, even though it
may not be required for primary resistance. For example, specific Ab mediated
resistance to reinfection with Candida, although B cell‐deficient mice were
resistant to primary infection (Montagnoli et al., 2003). This finding was
attributed to the ability of Ab to prime dendritic cell–mediated antifungal
immunity. This is consistent with the concept that AMI is important for the
establishment and maintenance of certain memory responses, particularly
those that depend on CD8þ T cells. The memory response to Helicobacter
pylori and cytotoxic lymphocytes (CTLs) to Lymphocytic choriomeningitis
virus (LCMV) is enhanced by B cell presentation and or activation (Azem
et al., 2005; Homann et al., 1998; Klenerman, 2004; Matter et al., 2005).
Similarly, B cells, which play an insignificant role in the primary response,
were required for the development of a memory response to L. monocytogenes
Shen et al., 2003) and reinfection with Francisella tularemia (Bosio and Elkins,
2001). The demonstration of B cells in granulomatous skin lesions of patients
with Coccidiodes immitis underscores the importance of B cells in the immune
response to fungi, microbes that were formerly believed to depend solely on
CMI, and supports their emerging role as immunoregulators (Li et al., 2005).
The exact role of immunoglobulin in these processes remains to be determined.
7. AMI as a Regulator of the Inflammatory Response

As discussed previously, Ab can be a positive or negative regulator of the
inflammatory response. The ability of an Ab to function in a positive or
negative regulatory capacity is a function of the Ab isotype, amount, and
specificity. Proinflammatory activities of Abs are complement activation, FcR
engagement with the release of proinflammatory mediators such as cytokines,
chemokines, platelet‐activating factor, and chemokines, neutralization of mi-
crobial components that interfere with an inflammatory response, and the
capacity to promote phagocytosis and enhance Ag presentation. For IgG,
many proinflammatory and anti‐inflammatory functions are mediated by inter-
action with activating (FcgRI and FcRgRIII) and inhibitory (FcgRII) FcgRs
(Ravetch and Bolland, 2001; Ravetch and Lanier, 2000). These receptors have
different affinities for the various IgG subclasses (Nimmerjahn and Ravetch,
2005). Consequently the proinflammatory or anti‐inflammatory activity of a
given isotype is in part inherent, depending on the type of receptor with which
it interacts. In mice, IgG1 interacts exclusively with FcRgRIII, whereas a new
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fourth IgG FcR has been described (FcgRIV) that has specificity for IgG2a
and IgG2b, but does not bind to IgG1 or IgG3 (Nimmerjahn et al., 2005). The
inhibitory (FcgRII) FcR has been implicated in the anti‐inflammatory effect
of IVIG and innate resistance to pneumococcus (Clatworthy and Smith,
2004). There is an emerging literature showing that the types of Fc receptors
activated can have a profound effect on the development of immune re-
sponses. In this regard, differences in the degree of stimulation of activating
and inhibitory receptors on dendritic cells may tilt the response toward
tolerance or immunity (Boruchov et al., 2005). Specific IgM probably has a
greater proinflammatory capacity than specific IgG by virtue of its greater
complement‐activating activity and the absence of inhibitory IgM Fc recep-
tors. However, IgM also has anti‐inflammatory effects, which could in part be
due to the ability of certain naturally occurring IgMs to neutralize endotoxin,
clear apoptotic cells, and/or to inhibit classical complement pathway activation
(Peng et al., 2005; Reid et al., 1997; Reith et al., 2004; Rieben et al., 1999;
Walpen et al., 2004).

Anti‐inflammatory activities of Abs include their ability to reduce a microbial
inoculum by promoting microbial clearance by phagocytosis, FcgR engagement
to produce anti‐inflammatory cytokines such as IL‐10 (Tripp et al., 1995), and
binding to proinflammatory microbial components such as lipopolysaccharide
(LPS). Acute LCMV infection was attenuated by an Ab‐mediated reduction in
T cell‐mediated host damage that was associated with a reduction in viral
replication (Wright and Buchmeier, 1991). IgG is probably a more anti‐
inflammatory Ig class than IgM by virtue of its ability to engage the inhibitory
FcgR and its requirement for multiple molecules in activating complement.
Consistent with this property, IgG administration is commonly used clinically to
treat inflammatory conditions. However, IgM (pentaglobulin) was beneficial in
patients after abdominal surgery and in those with septic shock (Buda et al.,
2005; Pul et al., 2002; Reith et al., 2004). In summary, IgM and IgG can each be
proinflammatory or anti‐inflammatory depending on their amount, specificity,
and access to FcRs. Proinflammatory and anti‐inflammatory functions of Ig are
listed in Table 3. The ability of AMI to function in both proinflammatory and
anti‐inflammatory roles, depending on the variables mentioned above, implies
that it is an integral part of the host response and that its net effect will be a
function of the conditions that prevail for the relevant host–microbe interaction.

Another mechanism by which Ab can function as an immunodulator is by
the ability of certain Abs to alter the immune response to an Ag when they are
complexed with that Ag (Brady, 2005). This phenomenon has been extensively
studied with mAbs to the Streptococcus mutans Ag P1. Complexes of mAb and
P1 altered the isotype and specificity of the serum Ab response to P1 when
administered mucosally or systemically (Brady et al., 2000; Oli et al., 2004).



Table 3 Effect by Which Ab Can Affect Inflammatory Responses

Effect Mechanism(s) Outcome proinflammatory Anti‐inflammatory

Complement activation Phagocytosis Increased recruitment of
inflammatory cells

Reduction of inoculum
Microbial damage

Microbial damage releases
proinflammatory products

IgM‐mediated reduction
of complement activation

Production of proinflammatory
complement split products

Direct antimicrobial
effects

Bactericidal activity Microbial damage releases
proinflammatory products

Reduction of inoculum
Fungistatic activity
Inhibition of biofilm formation

Formation of Ag–Ab
complexes

FcgR cross‐linking Release of proinflammatory
mediators such as cytokines
and platelet activation factor

Removal of antigens with
immunomodulatory effectsComplement activation

Immunization Release of anti‐inflammatory
cytokines such as IL‐10

Inhibition of proinflammatory
cytokines such as IL‐12

FcgR activation Cellular signal transduction
following interaction with
activating and inhibitory
FcgR

Release of proinflammatory
mediators such as cytokines,
prostaglandins, and platelet
activation factor

Release of anti‐inflammatory
cytokines such as IL‐10

Inhibition of proinflammatory
cytokines such as IL‐12

Phagocytosis
Enhanced antigen presentation
Oxidative burst
Expression of costimulatory

molecules
Reduced inoculum

20
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The mechanism(s) responsible for this phenomenon are not fully understood.
mAb‐directed alterations in the Ab response, which depended on the amount,
isotype, and specificity of the P1‐reactive mAb (Oli et al., 2004), could reflect
alterations in P1 processing and presentation since mAb binding to P1 induced
changes in proteolytic cleavage of P1 (Rhodin et al., 2004). Such a mechanism
predicts that mAb–Ag complexes could broaden the response to the Ag to
include determinants that induce a more heterogenous array of Abs (Nie et al.,
1997), perhaps reactive with a larger number of determinants and or with
more favorable biological activity. In this regard, complexes of induced Ab with
residual or newly introduced Ag could drive the Ab response toward cryptic or
determinants that are underrepresented or poorly antigenic on the native Ag.
The possibility that the response to some vaccines may be enhanced by this
mechanism is suggested by evidence that passive Ab therapy can drive somatic
mutation and affinity maturation of Abs to its relevant Ag (Song et al., 1999). In
summary, Ab‐mediated immunomodulation is a multifacted function that can
depend on Fc dependent or independent, T cell dependent or independent
mechanism (Brady, 2005), or as yet unknown processes that may converge in
their ability to alter the Ag determinant and/or Ag signaling on which the
immune response depends.

There is overwhelming evidence frommany systems that Ab and CMI cooper-
ate and are interdependent. For both Francisella tularensis (Rhinehart‐
Jones et al., 1994) and C. neoformans (Yuan et al., 1997), the efficacy of passive
Ab is dependent on both IFN‐g and T cells. For Salmonella typhimurium, the
efficacy of passive Ab correlates with the inherent resistance of the mouse strain,
suggesting a dependence on cellular and/or innate immune mechanisms for Ab
action (Eisenstein et al., 1984b). Similarly, the efficacy of passive Ab against
Friend leukemia virus is dependent on the major histocompatibility complex
(MHC) type of the host because of a requirement for both CD4 and CD8 T
cells (Hasenkrug and Chesebro, 1997; Hasenkrug et al., 1995), but sterilizing
immunity requires the presence of neutralizing Ab (Messer et al., 2004). For
LCMV, sterilizing immunity required the action of both CD8þ T cells and
neutralizing Ab (Baldridge et al., 1997). Synergy between AMI and CMI has
also been described in the resolution of lymphoma (Vasovic et al., 1997). Interde-
pendency, cooperation, and the ability of Ab to affect the development of cellular
responses suggest that for some systems the relative contribution of AMI and
CMI is not easily separable. In fact, one could argue that attempts to separate
these components through reductionistic experimental approaches may fail to
yield an accurate and comprehensive view of the depth of host defense mechan-
isms. If this is the case new integrative approaches, perhaps includingmathemat-
ical modeling, may be needed to achieve a better and more predictive
understanding of AMI.
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8. Dose‐Response Conundrum

Early investigators noted that the efficacy of passive Ab therapy did not obey
the law of multiple proportions (Goodner and Horsfall, 1935). Classic studies
of passive Ab protection against S. pneumoniae revealed that the outcome of a
passive Ab protection experiment was critically dependent on the amount of
Ab administered (Felton, 1928; Goodner and Horsfall, 1935). The amount
of Ab below which no protection occurred for a given inoculum was known as
the ‘‘limiting titer zone,’’ a phenomenon that could be understood in the context
of a requirement for a certain amount of Ab in mediating protection. Further-
more, it was known that no amount of Ab would protect against massive
inocula, and this inoculum was known as the German word ‘‘Schwellenwert’’
that translates to ‘‘threshold.’’ Presumably the Schwellenwert‐infective dose
was so overwhelming that AMI was ineffective. Perhaps the most perplexing
aspect of the mouse protection test for S. pneumoniae was a ‘‘prozone’’
phenomenon whereby the admistration of large amounts of Ab was accompa-
nied by diminished or abolished protection. For S. pneumoniae, the prozone
was shown to be caused by a reduction in phagocytosis at very high‐Ab
concentrations resulting in unchecked bacterial replication (Goodner and
Horsfall, 1936). ‘‘Prozone‐like’’ phenomena have been demonstrated in other
systems, including Ab effects against viruses, bacteria, parasites, fungi, and
even cancer cells in vitro and in vivo (Asano et al., 1982; Flavell et al., 1995;
Kozel et al., 2004; Lieberman et al., 1988; Lowell et al., 1980; Parker et al.,
1995; Peeling et al., 1984). Prozone‐like effects were reproduced using mAbs
in two models of murine C. neoformans infection (Taborda and Casadevall,
2001; Taborda et al., 2003). For C. neoformans, at least three mechanisms have
been demonstrated by which high Ab concentrations produce prozone‐like
effects. First, a high concentration of Ab on the fungal capsule can interfere
with nitrogen‐derived oxidants that are used by phagocytic cells for microbici-
dal activity. Second, the cytokine response at high‐ and low‐Ab doses is
markedly different, and this effect was shown to be isotype related using a
family of variable‐gene identical mAbs that differed in constant region. Third,
the interaction of complement with C. neoformans cells differs at high‐ and
low‐Ab concentrations such that the Ab amount can affect the likelihood of
phagocytosis by the complement or Fc receptor.
The dependence of Ab efficacy on concentration, and the fact that high

concentrations of Ab can render an Ab that was protective nonprotective,
suggests the need for caution in drawing negative conclusions about the
relative efficacy of AMI, unless a careful dose‐response study over a range of
Ab amounts is undertaken. The fact that Ab efficacy depends on both the Ig
concentration and microbial innoculum (and possibly burden) suggests that
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AMI is most effective along a relatively narrow range of Ab concentrations,
especially in passive Ab experiments (Casadevall, 2004). Furthermore, since
the amount of Ig produced during an immune response changes with time as a
function of the rate of Ab production and consumption, and the microbial
burden changes with time as a function of microbial and host characteristics
that govern replication, infection, and the immune response, it is conceivable
that Ab efficacy changes with time as a function of the Ig to microbe ratio.
Hence, rather than being a static or stable characteristic, the ability of an Ab to
mediate protection is likely to be dynamic, changing as a function of time, the
host response, available host receptors and inflammatory mediators, and
the state of the microbe in the host.
9. Ab‐Mediated Protection Against Intracellular Pathogens

By the late twentieth century, the struggle between the cellularists and hu-
moralists that began with the Ehrlich and Metchnikov debate on the relative
importance of CMI and AMI nearly a century earlier (Silverstein, 1979) had
settled into a sort of détente whereby each arm of the immune response was
assigned a specific role in host defense against certain types of microbes. In
this dichotomous view of immune function, AMI was considered to have a key
role in protection against extracellular organisms, toxins, and certain types of
viruses, while CMI protected against intracellular pathogens. A central prob-
lem in this division of labor was the common conclusion that negative data in
Ab protection studies implied that Ab had no role in host protection against
the relevant microbe (Casadevall, 1998, 2003, 2004). In the past decade, the
results of studies with mAbs to various intracellular pathogens have challenged
this assumption and established new functions for AMI (Casadevall, 1998,
2003, 2004; Casadevall and Pirofski, 2004). We will consider developments
in AMI for several intracellular pathogens. Our goal is to highlight mechanisms
by which AMI can protect without being exhaustive. We recognize that in
selecting certain microbes for detailed discussion we regretfully will not cover
seminal work in certain fields. For those microbes that are not covered in
depth, such as Salmonella spp., L. pneumophila, S. flexneri, and others, we
provide references in Table 2.
9.1. Cryptococcus neoformans

Like many other intracellular pathogens, such as M. tuberculosis and L.
monocytogenes, it was not possible to assign an important role for AMI against
C. neoformans by either passive administration of immune sera or demonstrat-
ing reduced susceptibility in the presence of C. neoformans‐reactive serum Ab
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(reviewed in Casadevall, 1995). Hence, by the late 1980s the prevailing view
was that AMI had no role in protection and that host defense was the exclusive
domain of CMI. This view was supported by the lack of association of crypto-
coccosis with B cell defects and the high prevalence of AIDS‐related crypto-
coccosis in patients with CD4 counts <200 cells/cm3. However, when mAbs
were used in passive immunization studies some Abs were found to be
protective (Dromer et al., 1987; Fleuridor et al., 1998; Mukherjee et al.,
1992; Sanford et al., 1990). Furthermore, studies with individual mAbs
revealed that there were protective, nonprotective, and even some disease‐
enhancing Abs (Maitta et al., 2004; Mukherjee et al., 1995). Ab‐mediated
protection against C. neoformans was shown to be dependent on such Ig‐
related variables as Ab amount (Dromer et al., 1987), isotype (Yuan et al.,
1995, 1998), specificity of Ig (Mukherjee et al., 1995). On the other hand,
Ab‐mediated protection was also dependent on host factors such as T cells
(Yuan et al., 1997), B cells (Rivera et al., 2005), the presence of inducible nitric
oxide (Rivera et al., 2002), and both Th1‐ and Th2‐associated cytokines
(Beenhouwer et al., 2001). IgM, but not IgG, required complement (Fleuridor
et al., 1998; Shapiro et al., 2002). Hence, the outcome of Ab protection studies
was determined by the interaction between Ab characteristics and immune
parameters of the host such that certain Abs were protective in certain host
immune milieus but not others and vice versa.
At present, our understanding of the factors that govern cryptococcal path-

ogenesis remains insufficient to consistently predict which Ab characteristics
are required for protection in a given host immune or inflammatory milieu.
However, it is reasonable to predict that Abs that require CD4þ T cells to
function might not be effective in HIV‐infected individuals and that Fc receptor
polymorphisms could affect the efficacy of Abs that bind the relevant recep-
tor. In this regard, individuals who are homozygous for a low‐affinity receptor
for (human) IgG2 are more susceptible to menigococcal sepsis (Domingo
et al., 2004; van Sorge et al., 2003). Further, available data suggest that Abs
that mediate protection in wild‐type mice fail to do so in mice with dysregu-
lated cytokine responses such as NO‐, cytokine‐, and B cell‐deficient mice
(Beenhouwer et al., 2001; Feldmesser et al., 2002; Rivera et al., 2002, 2005).
Hence, the interplay between the host immune response and the way in
which a given Ab affects the inflammatory response can govern whether an
Ab will reduce host damage sufficiently to be protective.
9.2. Mycobacterium tuberculosis

Numerous studies over the past century found evidence for and against a role for
AMI against M. tuberculosis (Glatman‐Freedman, 2003; Glatman‐Freedman
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andCasadevall, 1998), yet by the 1990s the prevailing viewwas that AMI had little
or no role in host defense. Consistent with this notion, B cell‐deficient mice did
not manifest great susceptibility toM. tuberculosis orM. avium infection (Bosio
et al., 2000; Johnson et al., 1997; Sangari et al., 2001; Vordermeier et al., 1996),
with the caveat that negative studies in this type of system cannot be used to
exclude a role for AMI (Casadevall, 2004). However, in 1998 an mAb to the
arabinomannan component of the mycobacterial surface was shown to mediate
protection when coadministered with mycobacteria by the intratracheal route
(Teitelbaum et al., 1998). Subsequently, four independent groups have confirmed
that different mAbs can mediate protection against mycobacteria in mouse
models of infection (Chambers et al., 2004; Hamasur et al., 2004; Pethe et al.,
2001; Williams et al., 2004). Protective mAbs to mycobacteria include those
recognizing polysaccharide and protein Ags, indicating that different types of
Ags have the potential to elicit useful AMI. Furthermore, one report showed that
an F(ab) derived from an mAb to arabinomannan could mediate protection,
implying that for certain Abs protection could be Fc independent (Hamasur
et al., 2004). The mechanism by which an F(ab) can mediate protection is
uncertain. However, there are precedents for F(ab)‐mediated protection against
other bacterial and fungal pathogens (Matthews et al., 2003; Ramisse et al., 1996)
through mechanisms that may include direct antimicrobial effects or
immunization‐type phenomena (Brady, 2005). The ability of AMI to protect
against M. tuberculosis is further supported by the demonstration that
polysaccharide‐protein conjugate vaccines constructed with oligosaccharides
from lipoarabinomannan elicited immune responses were protective in mice
and comparable to BCG (Hamasur et al., 2003). In another study, mice immu-
nized with arabinomannan conjugated to recombinant Pseudomonas aeruginosa
exoprotein A had a lower lung bacterial burden at day 7 of infection (Glatman‐
Freedman et al., 2004).

Despite strong evidence that certain Ab responses can protect against
mycobacteria, the mechanism of Ab action has not been fully elucidated.
Mycobacterial polysaccharides are immunomodulators. Hence, the ability of
specific Ab to promote clearance could confer an immunological benefit
(Glatman‐Freedman et al., 2000; Schwebach et al., 2001). Another potential
mechanism includes modification of the outcome of intracellular infection by
specific Ab, since phagocytosis in the presence of specific Ab was reported to
promote the fusion of lysosomes with mycobacterial‐containing phagosomes
(Armstrong and Hart, 1975). Ab‐mediated internalization of M. tuberculosis
was shown to be associated with high Ca2þ concentrations that promoted
phagosomal maturation and intracellular killing of mycobacteria (Malik et al.,
2000). This effect was different than complement‐mediated phagocytosis
and suggested that engagement of certain FcR could reverse mycobacterial
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inhibition of Ca2þ fluxes that are associated with intracellular survival (Malik
et al., 2000).
Ab‐mediated effects on intracellular survival and/or clearance of mycobacte-

rial products can enhance the immune response, suggesting that Ab‐mediated
protection translates into reduced host damage. The possibility that Ab‐
mediated protection is associated with a reduction in the inflammatory response
comes from the observations that mice given passive IgG3 had differences in
the histology of lung inflammation and that B cell‐ and IgA‐deficient mice
(Rodriguez et al., 2005) infected with M. tuberculosis manifested different
immune responses.
The ability of certain mAbs to mediate protection against M. tuberculosis is

in contrast to the historical difficulty in consistently demonstrating protection
in passive Ab studies or in associating Ab responses with immunity to tuber-
culosis (Glatman‐Freedman, 2003; Glatman‐Freedman and Casadevall, 1998).
However, the finding that some mAbs are protective while others are non-
protective (Teitelbaum et al., 1998) suggests that like the situation for
C. neoformans the problem in demonstrating the efficacy of AMI against
M. tuberculosis could reflect heterogeneity in and the complex nature of the
Ab response. In fact, a serological study of Abs to arabinomannan in human
sera revealed quantitative and qualitative differences in individual responses
(Glatman‐Freedman et al., 2004). It is likely that differences in mechanisms of
Ab action will be discovered for Abs toM. tuberculosis, since the heterogenous
serum response is associated with resistance to disease in most individuals who
experience an infection. However, understanding of the role of AMI in human
M. tuberculosis infection must await the use of more sophisticated serological
tools that can measure quantitative and qualitative aspects of the Ab response
and establish correlations between serological responses and clinical endpoints
ranging from latency to disease.
9.3. Ehrlichia chaffeensis

Several studies have conclusively established a role for AMI in host protection
against E. chaffeensis, an obligate intracellular bacterium that infects mono-
cytes and macrophages (Li and Winslow, 2003; Li et al., 2002; Winslow et al.,
2000). E. chaffeensis infection is cleared in C57Bl/6 mice rapidly but produces
lethal infection in severe combined immunodeficiency (SCID) mice. Passive
administration of immune serum led to transient clearance of infection in
SCID mice, implying the ability of specific Ab to control and eradicate this
organism without T cell help (Winslow et al., 2000). Most striking was the
ability of immune serum to control established infection, although this effect
was transient and required repeated administration for maintenance (Winslow
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et al., 2000). Subsequent studies established that Ab‐mediated protection
could be conferred by passive administration of mAbs to the E. chaffeensis
outer membrane protein 1‐g (OMP‐1g) and that Abs of this specificity were
present in immune sera from both humans and mice (Li et al., 2001). The
comparison of mAb‐mediated protection revealed isotype‐related differences
in efficacy with IgG2a > IgG3 ¼ IgG2b � IgM in a set of variable region
matched Abs that recognized a linear epitope in the first hypervariable domain
of OMP‐1g (Li et al., 2001, 2002). Ab efficacy was also found to be directly
associated with half‐life and picomolar affinity (Li et al., 2002). The consistency
of these observations became apparent when free E. chaffeensis was demon-
strated in the serum of infected mice, implying the existence of an extracellular
phase during which this obligate intracellular bacterium spread from cell to
cell and was susceptible to AMI (Li and Winslow, 2003). Hence, the emerging
story for AMI to E. chaffeensis indicates that a different mechanism than
that described for other intracellular pathogens, which relies on the bacteri-
cidal capacity of Ab in serum, is responsible for Ab efficacy. However, there
is also evidence that specific Ab to E. chaffeensis can modify the cytokine
expression of host cells, suggesting that, like that to C. neoformans, Ab‐
mediated protection may be due to changes in the inflammatory response
(Lee and Rikihisa, 1997).

Passive Ab administration is also protective against another Erlichia species
E. risticci, an obligate intracellular bacterial pathogen of horses (Kaylor et al.,
1991). For this microbe, the F(ab) of horse immune serum blocked bacterial
entry, while intact IgG allowed internalization of the host cell via the Fc
receptor, which interfered with intracellular growth of the bacterium (Messick
and Rikihisa, 1994).
9.4. Listeria monocytogenes

Immunological studies of host defense against the facultative intracellular
gram‐positive bacterium L. monocytogenes helped to formulate the paradigm
whereby protection against intracellular bacterial microbes was the exclusive
domain of CMI (Mackaness, 1971, 1977). For L. monocytogenes, passive Ab
transfer experiments using immune serum did not provide protection (Miki
and Mackaness, 1964). Comparison of the outcome of infection in B cell‐
deficient and normal mice suggested a role for B cells in the establishment
of CMI that was independent of Ab production (Matsuzaki et al., 1999).
However, passive administration of an mAb to listeriolysin O (LLO) to mice
before challenge with L. monocytogenes mediated protection by prolonging
survival and reducing the tissue bacterial burden (Edelson et al., 1999). One
peculiar aspect of this phenomenon was the requirement for relatively high
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Ab doses to achieve protection. The mechanism of Ab‐mediated protection
involved neutralization of LLO inside macrophages preventing passage of the
bacteria from the phagosome to the cytoplasm (Edelson and Unanue, 2001).
Hence, the requirement for large Ab doses was explained by the need to
achieve high enough serum concentrations to deliver sufficient immunoglobu-
lin to mediate toxin neutralization. Consistent with this mechanism, Ab‐
mediated protection was not dependent on FcgR (Edelson and Unanue,
2001). Abs with LLO‐neutralizing activity were not found in the serum of
infected animals, implying that this determinant was not antigenic in the
course of experimental infection. Whereas this example of Ab‐mediated pro-
tection could be explained by the classical mechanism of toxin neutralization, it
extends this mechanism to phagosomal spaces, underscoring that AMI is not
limited to the extracellular space.

9.5. Histoplasma capsulatum

This fungus is a facultative intracellular pathogen that is almost always found
inside macrophages in tissue. Numerous studies have failed to demonstrate a
role for AMI against H. capsulatum in mice passively immunized with immune
sera (Tewari et al., 1977) or B cell deficiency (Allendoerfer et al., 1999). In
contrast, there is overwhelming evidence that CMI is critical for host defense
(Deepe and Seder, 1998). However, when the potential role of AMI was
investigated by generating mAbs to H. capsulatum surface Ags, an mAb was
identified that mediated protection when administered prior to experimental
infection in mice (Nosanchuk et al., 2003). The Ag recognized by this mAb was
a histone‐like protein that is expressed on the surface of fungal cells. Although
the mechanism of Ab action was not fully clarified, there was evidence that it
was opsonic in vitro and that Ab‐treated mice had altered inflammatory
responses, as shown by changes in tissue histology and cytokine expression
(Nosanchuk et al., 2003). Passive Ab was most effective when given with small
amounts of amphotericin B, an antifungal agent that is a potent immunomod-
ulator by virtue of its ability to stimulate Toll‐like receptors (Nosanchuk et al.,
2003). This observation is consistent with the view that Ab‐mediated protec-
tion in this system was a result of alterations in the inflammatory response
(Nosanchuk et al., 2003).

9.6. Toxoplasma gondii

Toxoplasma gondii is an intracellular pathogen that is able to infect all mamma-
lian cells. After the parasite gains entrance to the cell, it forms a parasitophorous
vacuole that effectively shields it from host cellular antimicrobial mechanisms.
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Numerous studies have established the potential efficacy of AMI in protection
against T. gondii. For this microbe, the evidence that AMI contributes to host
defense includes studies showing greater susceptibility in hosts with impaired
AMI, demonstration of protection in passive transfer studies, and association
of vaccine‐mediated protection with AMI (Pavia et al., 1992). B cell‐deficient
mice (mMT) were significantly more susceptible to toxoplasmosis than wild‐
type mice and could be protected by the administration of polyclonal rabbit
immune sera (Kang et al., 2000). CD4‐deficient mice manifest greater suscep-
tibility to T. gondii that was ameliorated by the transfer of immune sera
(Johnson and Sayles, 2002).

Several studies suggest possible mechanisms for Ab‐mediated protection
and a high likelihood that there are multiple Ags that can elicit protective and
nonprotective Abs to T. gondii. Secretory IgA reactive with a 46‐kD Ag was
shown to inhibit the enterozyte infection in vitro (Mack and McLeod, 1992).
However, not all specific IgG is protective, since other studies have shown no
reduction in the ability of T. gondii to replicate in macrophages when opso-
nized by IgG (Fadul et al., 1995). An mAb to a 97‐kD Ag inhibited intracellular
replication of T. gondii in macrophages by a complement‐independent mech-
anism that did not involve interference with internalization or attachment
(Mineo et al., 1994). However, complement may be important for the action
of certain T. gondii‐specific Abs. mAbs to the dense granular proteins of
T. gondii mediate protection when tachyozites were incubated with Ab and
complement prior to murine infection while Ab alone had no effect (Cha et al.,
2001). Other protective mAbs recognize different Ag of 35 and 14 kD (Johnson
et al., 1983).
9.7. Chlamydia spp.
Chlamydia trachomatis in an intracellular pathogen is the leading cause of
sexually transmitted disease. For this organism, there is overwhelming evi-
dence that both CMI and AMI contribute to host defense. The appearance of
serum Abs correlates with clearance of experimental C. trachomatis infection
in rabbits (Rank et al., 1979) and serum Ab is a marker of immunity (Murray
et al., 1973; Rank and Barron, 1983). The presence of IgA in human vaginal
secretions demonstrates a striking inverse correlation with the likelihood of
cervical recovery of the organism in women (Brunham et al., 1983). Passive
transfer of immune serum protected guinea pigs against experimental genital
infection (Rank and Batteiger, 1989). Passive administration of mAbs to the
C. trachomatis outer membrane protein mediated protection against lethal
infection in mice and neutralized chlamydial infectivity in a monkey model of
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opthalmitis (Zhang et al., 1987). In contrast, individual mAbs had variable
efficacy in passive transfer studies (Cotter et al., 1995), perhaps sugges-
ting the need for multiple Ab specificities and isotypes to fully protect against
C. trachomatis in various tissue compartments. However, studies with B
cell‐deficient mice have shown that Ab is not required for resolution of
infection or resistance to reinfection (Ramsey et al., 1988; Williams et al.,
1987). Hence, AMI contributes to host defense against C. trachomatis in the
context of other antichlamydial immune mechanisms that cooperate and work
in parallel.
10. Protective Efficacy of an Ab Molecule

Given that the efficacy of an Ab depends on its specificity, isotype, affinity, and
the immune status and genetic background of the host, one cannot classify an
Ab as protective, nonprotective, or disease enhancing solely on the basis of Ig
structure. In fact, for each microbe Ab‐mediated protection might be thought
of as a complex function of: (1) Ab variables such as isotype, specificity, and
amount; (2) host variables such as genetic background, immunization status,
and immune competence; and (3) microbial variables such as virulence factors,
inoculum, and pathogenic strategy. Furthermore, it is likely that this function
will be different for each pathogenic microbe. For example, IgG3 to capsular
polysaccharide is protective against M. tuberculosis in BALB/c and C57Bl/6
mice (Teitelbaum et al., 1998) but not against C. neoformans (Yuan et al.,
1997). However, the same IgG3 that was not protective in C57Bl/6 or 129/Sv
mice against C. neoformans was protective against experimental cryptococcosis
in C57Bl/6 � 129/Sv mice (Rivera and Casadevall, 2005). In a polyclonal
response, the efficacy of AMI can be expected to be a function of the com-
bined effects of individual Ab molecules, each with its own protective function
based on the characteristics listed earlier. Whether the net effect of each
component on protective function is additive or multiplicative is unknown.
Considering that the immune response to pathogenic microbes includes
Abs to many Ags differing in the predominant isotype and amount, one can
easily envision unfathomable complexity that becomes even more daunting if
one considers host genetic variation in an outbred species. Clearly, defining
protective efficacy of an Ab molecule in a predictive fashion is currently
beyond the state of immunological science and may not be possible with
current reductionistic approaches to scientific problems. Nevertheless, we
remain optimistic that as the variables that impact Ab‐protective efficacy are
identified it may be possible to define algorithms that provide predictive
information.
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11. Some Emerging Concepts

1. Abs are both proinflammatory and anti‐inflammatory and mediate some
of their effects by modulating both innate and adaptive cellular responses.

2. Protective Abs can probably be made against many if not all pathogens
for which current methods cannot demonstrate a clear role for AMI in host
defense. The most efficient way to achieve this is to generate mAbs to the
microbe in question with the caveat that immunological knowledge is insuffi-
cient to predict the Ab characteristics that will be protective. Therefore, in
most instances, determining the efficacy of Ab remains an empiric rather than
predictive discipline.

3. The inability to demonstrate a role for AMI against a particular pathogen
using the classical methods of passive Ab administration and correlation of
Ab titer with immunity does not rule out a role for AMI in protection or
pathogenesis.

4. The efficacy of an Ab cannot be defined solely from the molecular
characteristics of the Ig molecule or independently of the host in which it is
tested.

5. Ab‐mediated protection can be associated with enhanced or reduced
inflammatory responses depending on the microbe in question.

6. Given the strong dependence of Ab function on the quantity and the nature
of the host immune response, it is likely that for some microbes the function
of AMI differs early and late in infection or in the context of reinfection.

7. Protective Abs can be used as probes in reverse vaccinology approaches
to identify epitopes and design vaccines that induce Abs that mediate protec-
tion. Examples of this approach are provided by C. neoformans (Devi, 1996),
C. albicans (Han et al., 1999), and M. tuberculosis (Hamasur et al., 2003) in
which the identification of protective mAbs led to the identification of an Ag
that elicited a protective Ab response that was then used to make an effective
conjugate vaccine.

8. The relative contributions of AMI and CMI to host defense and micro-
bial clearance may be inseparable for certain, particularly, intracellular patho-
gens, suggesting the need for new models and systems to identify and
characterize mechanisms of Ab action.
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