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Abstract
The view that immunoglobulins function largely by potentiating neutralization, cytotoxicity or
phagocytosis is being replaced by a new synthesis whereby antibodies participate in all aspects of
the immune response, from protecting the host at the earliest time of encounter with a microbe to
later challenges. Perhaps the most transformative concept is that immunoglobulins manifest
emergent properties, from their structure and function as individual molecules to their interactions
with microbial targets and the host immune system. Given that emergent properties are neither
reducible to first principles nor predictable, there is a need for new conceptual approaches for
understanding antibody function and mechanisms of antibody immunity.

In this perspective, we will first describe the historical underpinnings of longstanding
concepts of how antibodies protect against microbes and then introduce newly identified
mechanisms of antibody action, which have shown that the reach of antibody-mediated
immunity (AMI) is far greater than would be predicted from classical mechanisms of
antibody action. These novel mechanisms call for a new synthesis for understanding AMI to
pathogens.

Historical concepts of AMI to pathogens
The discovery of AMI by von Bering and Kitasato in 1891 galvanized studies of immunity
to microbial diseases and led to the first effective antimicrobial agent, serum therapy. AMI
was a foundation of immunology, and since 1900, no fewer than eight Nobel prizes have
been awarded for discoveries related to immunoglobulin structure and function or
applications to medicine. However, in the final decades of the 20th century, the study of
AMI entered the doldrums, as there was a sense that the major problems in the field had
been solved. Other forces also diminished interest in AMI. The human immunodeficiency
virus pandemic and rise of infectious diseases in immunocompromised patients highlighted
the role of cellular immunity in host defense, as did the identification of the T cell antigen
receptor and other molecules that regulate T cell responsiveness. Studies of T cells were also
more in tune with the molecular reductionist approaches favored in the late 20th century.
Linear T cell epitopes allowed elegant experiments that were either difficult or impossible to
do with the three-dimensional epitopes recognized by immunoglobulins. Furthermore,
theories that placed immunoglobulins at the center of complex regulatory networks fell out
of favor. For example, Jerne’s idiotypic network1 was abandoned as different explanations
for immune regulation, such as by cytokines, signal transduction cascades and cellular
differentiation, were increasingly sought2. Paradoxically, the shift away from studies of
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AMI occurred at a time of great technological advances, including hybridoma technology,
molecular tools for immunoglobulin expression, and the development of antibody therapies
for cancer, infectious diseases and rheumatological conditions.

The great immunological catastrophe
Perhaps nothing has hindered immunological thought more than the debate on the relative
importance of humoral and cellular immunity. This intellectual struggle initiated by Ehrlich
and Metchnikoff and their disciples in the late 19th century had tremendous influence on
immunological paradigms3 and greatly influenced research in the 20th century. The problem
was that the methodologies available could not establish a role for AMI to many microbes.
For most of 20th century, the efficacy of AMI was established by one of the following
criteria: the demonstration that the transfer of immune serum confers resistance to the
microbe, a correlation between a specific antibody and resistance to a microbe, or
susceptibility to a microbe in organisms with antibody deficiency. If one or more of those
criteria was met, then AMI was considered important for protection against the causative
microbe, but those criteria failed to establish the efficacy of AMI to many microbes. For
example, a role for AMI to tuberculosis could not be consistently demonstrated4. Thus,
antibodies were long believed to have no role in resistance to Mycobacterium tuberculosis.
Although this premise was indirectly supported by the importance of cellular immunity in
resistance to tuberculosis, it was perpetuated by the erroneous conclusion that intracellular
microbes were outside the reach of AMI because antibodies do not enter cells5. Furthermore,
the conclusion that AMI has no role in protection against M. tuberculosis was logically
flawed, as it is not possible to draw a positive inference from negative data. In fact, these
conclusions were erroneous, as several independent groups have now established that the
passive administration of defined monoclonal antibodies (mAbs) can alter the course of
experimental M. tuberculosis infection to the benefit of the host6–9. In addition, a role for B
cells in protection against M. tuberculosis has also been established10,11.

The ability of defined mAbs to mediate protection against M. tuberculosis and other
pathogens for which the aforementioned criteria have provided negative data has now been
established12. Thus, the difficulty in establishing a role for AMI was due to a failure of the
available preparations to mediate protection. Furthermore, a lack of the understanding that
‘antibody’ comprises a heterogeneous mixture of molecules with different specificities and
functions made it impossible to discriminate antibodies that confer a benefit from those that
do not. Additionally, the possibility that antibodies could contribute to natural resistance to
disease and/or enhance innate immunity was not considered. Pertinent to the last
observation, immunoglobulin M (IgM) can enhance granuloma formation in the
experimental infection of mice with mycobacteria or Cryptococcus neoformans, a fungal
facultative intracellular pathogen13,14.

The view that intracellular pathogens are outside the reach of AMI fails to recognize that
antibodies can contribute to host defense in many ways apart from promoting microbial
clearance5. The prevailing notion that AMI can work only on the outside of a host cell or at
the surface of a microbe by enhancing phagocytosis or neutralizing a toxin or virus was
catastrophic in that it constrained vaccine and immunological research for decades. This is
exemplified by the identification of antibodies that are highly protective against
Streptococcus pneumoniae in mice but do not promote opsonic killing of pneumococcus by
phagocytes in vitro15–17. Thus, the longstanding practice of dividing research on the
immune response to a microbe based on microbial type and whether it is intracellular or
extracellular precluded important avenues of investigation and caused researchers to miss
the opportunity to assemble an integrated model of AMI to microbes based on host-microbe
interaction. The intracellular-extracellular divide also precluded investigation of the
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importance of cellular immunity in protection against so-called extracellular microbes. For
example, protection against S. pneumoniae was believed to be exclusively dependent on
AMI, but subsequent evidence has shown a critical role for innate and cellular immunity in
this17–20.

The old synthesis: antibodies as connector molecules
In their function as promoters of opsonization, complement activation and antibody-
dependent cellular cytotoxicity, specific antibodies were held to mediate a connection
between a microbial structure and a host component, such as receptor for the crystallizable
fragment of an immunoglobulin (FcR) or receptors for complement (Box 1). The specific
binding of antibodies to viral and toxin particles was held to mediate neutralization via
antibody-antigen complexes that interfere with viral infectivity or toxin-mediated toxicity.
By the 1960s, advances in protein structure analysis showed that immunoglobulins consist
of two domains, one for binding antigen and the other for mediating effector functions that
depend on components of the immune system, such as FcR and complement. These antibody
functions solidified the view that antibody molecules function in a passive mode, serving to
connect their cognate antigens to the host’s immune system.

Insights into AMI originate from few model systems
Much of what is known about AMI has been provided by detailed studies of only a few
model systems. The availability of animal models of S. pneumoniae– and toxin-mediated
diseases, such as tetanus, in the early years of the 20th century provided key insights into
antibody function21. Subsequently, classical studies of viruses in newly established cell
culture systems provided key insights into antibody-mediated viral neutralization. In recent
years, the development of new experimental models has led to new insights from previously
unlikely sources, such as in vitro and animal models of the fungus C. neoformans. The latter
is an encapsulated microbe for which, for most of the 20th century, AMI was not thought to
have any role in host defense. As many of the arguments developed here originated with
observations made of C. neoformans, we include a brief description of the microbe (Box 2).
However, so far AMI has been extensively explored to only a relatively small number of
microbes and toxins. Thus, caution should be exercised in making generalizations, as the
extent to which observations made with one microbe can be extrapolated to others is
unknown.

New antibody functions
AMI is correctly considered an outcome of the adaptive immune response, but there is
ample evidence that naturally occurring antibodies, in particular IgM, are critical for the
early response to many microbes, which suggests that they are actually part of the innate
immune system. Naturally occurring IgM, derived from B-1 cells in mice and from memory
B cells and/or B1-like cells in humans, binds conserved microbial polysaccharide
determinants, thus providing a first line of pathogen defense22–24. Consistent with that role,
naturally occurring IgM is essential for resistance to fungal, bacterial and viral diseases in
mouse models14,25–30. Although naturally occurring IgM is of relatively low affinity, it has
high avidity and is a potent activator of complement. In fact, the requirement for
immunoglobulins at the earliest stages of infection blurs the line between adaptive and
innate immunity, which makes it difficult to define each as an independent arm of the
immune system.

The ability of immunoglobulins to modulate inflammation has been recognized for decades.
Immunological phenomena, such as immediate hypersensitivity and the Arthus reaction, are
examples of proinflammatory antibody effects that result in host damage. However,
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proinflammatory activity can also be beneficial. For example, inflammatory mediators such
as chemokines and cytokines enhance microbial clearance, which is crucial to host defense.
Similarly, antibody-mediated complement activation, a proinflammatory event, is also
important in the clearance of viruses, bacteria and fungi. However, antibody is also able to
dampen the inflammatory response. For example, intravenous administration of polyclonal
immunoglobulin has numerous applications in clinical medicine as an anti-inflammatory
agent. The anti-inflammatory activity of this therapy has been linked to sialation in the
immunoglobulin glycan motif31, through a T helper type 2–related mechanism32. Evidence
that stimulation of the FcR by IgG has adjuvant as well as immunomodulatory properties
suggests that evolving antibody responses can alter themselves in the setting of infection33.
Another type of AMI-based immunomodulation could stem from idiotype– anti-idiotype
interactions. Such interactions, put forth many decades ago1, were believed to regulate the
amount of specific antibody. An example of this phenomenon has been revealed by a study
showing that idiotype–anti-idiotype binding is responsible for loss of the binding of
antibody specific to the Staphylococcus aureus capsular polysaccharide to S aureus after
immunization with capsular polysaccharide34,35.

Studies of C. neoformans have revealed how the same antibody can be proinflammatory or
anti-inflammatory depending on the host and the state of infection. The administration of
IgG1 after the onset of cryptococcal infection can result in rapid death associated with
cardiovascular collapse resulting from release of the proinflammatory mediator platelet-
activating factor36. However, the administration of IgG1 before intrapulmonary challenge
dampens proinflammatory responses, resulting in improved granuloma formation and fungal
clearance37. Hence, immunoglobulins can have pro- or anti-inflammatory properties
depending on interactions between antibodies and host receptors. In this context, the data
available suggest that the proinflammatory activity of IgM is related to its ability to activate
complement, whereas the function of IgG is more complex, in that it is able to be pro- or
anti-inflammatory depending on the amount of antibody, the FcR engaged and the IgG
subtype.

The cellular and molecular basis for pro- and anti-inflammatory effects of IgG has been
elucidated with the discovery of stimulating and inhibitory FcRs38,39. Whether a pro- or
anti-inflammatory effect is helpful or harmful is most probably a complex property that
includes the microbe, the amount of antibody, the type of antibody and the inflammatory
and immunological state of the host (Fig. 1). The damage-response framework of microbial
pathogenesis provides an intellectual construct for understanding how pro- and anti-
inflammatory antibodies can be helpful or harmful to individual hosts depending on the
amount of damage that stems from host-microbe interactions, whereby damage can result
from insufficient or excessive inflammation40–42. Relevant to this point, but also illustrative
of the complexity of AMI, protective IgG1 mAbs to S. pneumoniae capsular polysaccharide
show a requirement for different host FcRs and phagocytes17. An opsonic mAb that
promotes the killing of S. pneumoniae by phagocytes in vitro requires neutrophils and the
inhibitory receptor FcγRIIB to mediate protection against pneumococcal pneumonia in
mice, whereas a nonopsonic mAb does not require neutrophils and requires FcγR but not
FcγRIIB.

In the past decade, much evidence has emerged showing that antibodies can also function as
direct effector molecules against bacteria, fungi and parasites. Perhaps the best example of a
directly bactericidal antibody is one that binds outer surface protein B of Borrelia
burgdorferi43. The ability of antibodies to this protein to directly kill B. burgdorferi resides
in their variable (V) region and seems to be the result of antibody-mediated disruption of the
outer membrane, which results in the formation of membrane blebs as a prelude to cell
lysis44. Fungi were historically considered impervious to AMI, but several mAbs that
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mediate direct antifungal activity have now been described. Anti-idiotypic antibodies to the
fungal product known as ‘killer toxin’ mediate direct antifungal activity as well as activity
against bacteria by mimicking toxin activity45. A mAb that binds to a Candida albicans
surface protein mediates three antifungal activities: direct fungal killing, inhibition of
filamentation and inhibition of tissue adhesion46. The candidacidal effects of this mAb result
from blockade of iron uptake46. Antibodies to fungal cell-wall components, including β-
glucans47 and melanin48, mediate direct antifungal effects on all fungi species that express
the relevant determinant, presumably by interfering with cell-wall metabolism. Catalytic
antibodies that produce ozone have been reported to have antibacterial activities49, and a
mAb to S. pneumoniae capsular polysaccharide can enhance bacterial killing (or ‘fratricide’)
in cultures rendered competent for bacterial transformation50.

AMI can trigger signal-transduction cascades by the engagement of FcRs. In another twist in
microbicidial activity, IgE immunocomplexes reportedly trigger the intracellular killing of
Toxoplasma gondii by engagement of FcεRII-CD23 receptors, which induces antiprotozoal
cell signaling51. The ability of specific antibodies to mediate direct antimicrobial effects by
different mechanisms involving FcRs underscores the proposal that AMI can mediate
independent, regulatory effects. This regulatory ability holds great promise for the rational
design of antibody-based therapies and vaccines, with the caveat that the outcome of
antibody-mediated regulation of the inflammatory response is not fixed but is a function of
host-microbe interactions. Another aspect of antibody-mediated regulation stems from the
ability of antibody binding to microbial antigens on the cell surface to mediate changes in
microbial signal transduction. For example, the binding of antibodies to viral antigens
expressed on the cell surface can result in directional changes in the movement of these
antigens to one pole in a phenomenon known as ‘capping’52. Capping is associated with the
interference of viral spread and, interestingly, resembles the immunoreceptor capping that
leads to tyrosine phosphorylation and the formation of lipid rafts containing viral
glycoproteins53.

A new frontier in AMI and its interactions with microbes was opened by the demonstration
that the binding of antibodies to the capsules of C. neoformans and S. pneumoniae can
modulate gene expression. For C. neoformans, such antibody binding causes no obvious
harm to the fungal cell54, but for S. pneumoniae, binding of antibody enhances quorum
sensing and the expression of genes encoding molecules involved in transformation
competence and fratricide50. Such observations demonstrate that another outcome of the
binding of antibodies to microbial surface structures can be to affect microbial physiology,
biology and communication. For C. neoformans, protective and nonprotective mAbs induce
different types of changes in gene expression, with protective antibodies activating lipid-
metabolic pathways that make the fungal cell more susceptible to antifungal drugs54. For S.
pneumoniae, some protective mAbs enhance the frequency of pneumococcal transformation,
whereas others do not, with a distinguishing characteristic of those that enhance
transformation being the ability to promote bacterial aggregation and induce quorum
sensing50. Protective mAbs that do not enhance transformation are opsonic antibodies that
promote opsonophagocytosis and the killing of S. pneumoniae by effector cells. The
precedent that AMI can modulate microbial physiology could have far-reaching
implications, given that immunoglobulins are present in body compartments inhabited by
commensal flora, and raises the possibility that another function of AMI could be to serve as
a system for communication with the microbial flora in the body.

The uniqueness of humoral immunity
In contrast to other molecular components of the immune system, each antibody is
structurally different, and such differences can ‘translate’ into functional differences.
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Immunoglobulin structure and function are defined by the gene elements used to generate
the V region, somatic mutations to such genes, post-translation modifications to the
expressed protein and the association of such V regions with constant (C) domains. There is
now convincing evidence that the C domain can affect certain aspects of V-region function,
such as affinity and specificity, possibly as a result of structural constraints resulting from
isotype-related polymorphisms in the C heavy-chain region 1 domain55. Consequently, each
combination of V region and C region has the potential to generate new molecules with new
functions even when the V-region sequences are identical. Hence, in contrast to other
products of the immune system such as complement proteins, defensins and cytokines,
antibodies have different structures and functions, so their function cannot be generalized or
easily predicted.

Unsolved problems in AMI
The discovery that antibody can protect mice against the intracellular pathogens M.
tuberculosis, Listeria monocytogenes56,57, C. neoformans and Histoplasma capsulatum58

indicates that the historical inability to demonstrate a protective role for AMI to these
microbes was not a limitation of antibody function but was a consequence of suboptimal
antibody responses and inadequate experimental models. The question of why some
microbes elicit ineffective natural antibody responses has many possible answers. In the case
of C. neoformans, the immune response seems to be focused on epitopes that elicit
nonprotective antibodies and/or the production of antibodies of isotypes that do not mediate
beneficial effects. As for the latter, the most effective mouse IgG subclass to C. neoformans
polysaccharide is IgG2a, but IgG2a is almost never elicited by natural infection or
immunization. In fact, the most common IgG subclass elicited is IgG3, which is usually not
protective or disease enhancing. In the case of H. capsulatum, antibodies that are protective
bind antigens that do not elicit antibodies during the course of infection, possibly because
they are only weakly immunogenic58. L. monocytogenes provides yet another example of
this, as high concentrations of antibodies to listeriolysin O are protective, but natural
infection does not elicit sufficiently high titers56,57.

The immunoglobulins present in mucosal secretions have long been assumed to serve a
protective function, but this has been difficult to prove, particularly for IgA and IgM, the
isotypes that predominate in the mucosa. In fact, classical mechanisms of antibody function
probably do not operate in saliva or in vaginal or intestinal contents, as these do not contain
cells or complement in the absence of inflammation. The finding that certain antibodies can
directly modulate microbial function raises the possibility that the host-associated microbial
flora can be regulated by antibody. Such a notion may be difficult to prove unambiguously
with the experimental systems available at present. Nonetheless, the aforementioned
findings obtained with C. neoformans and S. pneumoniae suggest that fuller understanding
of mechanisms by which the host microbiota is established and maintained in health and
disease could require studies of antibody function.

The older view of an antibody as a bifunctional molecule with two independent domains,
with the V region serving as the determinant of antigen specificity and the C domain serving
as the determinant of effector function, is no longer tenable, as C domains affect affinity and
specificity. The ability of V and C regions to act together in antibody binding stems from
structural constraints imposed by C domains on V-region structure and has been
documented for three sets of mAbs that differ in isotype while sharing identical V-region
sequences59,60. The biological importance of C domain–mediated effects on V-region
structure is immense. Certain antigens, such as polysaccharides and viruses, tend to elicit
responses restricted to the V region and C domain (isotype), yet isotype switching of a
cryptococcal polysaccharide–binding mAb results in the appearance of new mAb
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reactivities, including reactivity to a variety of self antigens61, which raises the possibility
that switching to certain isotypes contributes to autoimmunity. However, not all VC
combinations are permissive for C-domain effects on the V region, as a set of IgG mAbs to
anthrax toxin manifests identical specificity and affinity despite their different subclasses62.
This indicates that the ability of the C domain to affect the V region is limited to certain VC
combinations, which suggests the need for comparative studies of VC combinations to
identify those that are able to transmit structural information to the V region from the C
domain. In addition, it is possible that certain somatic mutations prevent or facilitate the
transfer of structural information from the C domain to V regions. In this context, somatic
mutation has been associated with changes in the flexibility of V-region structures63; V
regions can show considerable flexibility in their ability to produce antibodies to different
antigens64; and V regions can show ‘pre-encoded’ antigen specificities65. Furthermore, the
fact that the C domain can affect V-region structure raises the possibility that some variation
of the now discarded former adopted-fit hypothesis is viable, whereby antigen binding
results in structural changes to the V region that are communicated to the C domain, which
affects function. If resuscitated, this concept of antibody function, which was essentially
abandoned in the late 1970s, could provide new insights into how the binding of antibody to
an antigen activates the immunoglobulin molecule to carry out its effector functions.

Immunoglobulins have long been known to mediate their effects through other components
of the immune system, such as phagocytes, complement or cells capable of antibody-
dependent cellular cytotoxicity (Box 1). However, it is now apparent that immunoglobulin
function is also dependent on cells that do not express FcRs. For example, the efficacy of
antibodies to C. neoformans is critically dependent on cellular immunity, such that antibody-
mediated protection is abrogated in mice deficient in CD4+ T cells or certain cytokines, such
as interferon-γ.

It has been reported that combinations of immunoglobulins manifest emergent properties
(Box 3) in their protective efficacy in toxin neutralization; two mAbs to S. aureus
enterotoxin have been shown to be nonprotective when tested individually and protective
when tested in combination66. Similarly, antibody protection against meningococcus
requires the binding of two mAbs at nonoverlapping epitopes to trigger complement
activation67.

Antibody efficacy is concentration dependent, such that protection occurs only when the
‘correct’ amount of antibody is present and is present in the ‘correct’ ratio with antigen.
Although lack of antibody efficacy due to insufficient immunoglobulin is instinctively
understandable, the abrogation of antibody efficacy at very high concentrations seems
counterintuitive. The phenomenon of in vivo effects of the prozone (a zone of relatively high
antibody concentrations in which no reaction occurs) has been known since the 1930s, when
it was repeatedly documented during the development of serum therapy against S.
pneumoniae, but the mechanism of action remained elusive until relatively recently. Studies
of C. neoformans have established three mechanisms by which a high specific antibody
concentration can ‘translate’ into loss of antibody efficacy68,69. First, the inflammatory
response differs at low, medium and high concentrations of antibody, presumably due to
effects mediated by FcR crosslinking. Second, high concentrations of antibody on the
capsule surface can interfere with oxidative killing. Third, deposition of complement on the
capsule surface differs depending on antibody concentration. The occurrence of prozone
phenomena in vivo has now been demonstrated in many systems, including viral
neutralization, bacterial phagocytosis, toxin neutralization and tumor-cell killing. This
phenomenon raises the disturbing possibility that highly immunogenic vaccines could fail if
they elicit too much antibody. Furthermore, the dependence of antibody efficacy on
antibody concentration raises the fascinating question of how the immune system regulates
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the amount of antibody to ensure there is enough for protection while avoiding the
detrimental effects of too much. This problem is highlighted by the fact that viral, bacterial
and fungal infections each challenge the immune system with very different molar amounts
of microbial antigen. The mechanism by which the immune system senses the amount of
antigen and mounts an antibody response commensurate with protection while avoiding
prozone phenomena remains unsolved, although such information seems critical for better
vaccine design. Furthermore, the fact that the antibody concentration and the antigen load
each change during the course of infection and immune response introduces additional
complexity into such regulatory mechanisms (Box 4).

Toward a new synthesis
There is evidence that a single mAb can be protective, nonprotective and even disease
enhancing depending on the host, the microbial inoculum and the amount of antibody
present in the host68–70. Consequently, the protective efficacy of an immunoglobulin cannot
be assigned on the basis of its molecular structure alone, as knowledge of the nature of the
microbe, the state of the microbe, the state of the host immune system and antibody
interactions with other immunoglobulins and/or host immune components is needed to
understand its efficacy. Hence, antibody function is a complex activity that depends on host
components and all aspects of antibody structure and function, each of which manifests
emergent properties (Box 3). The unpredictability of antibody function from first principles
has profound implications because it precludes the ability to predict a priori the outcome of
antibody-microbe interaction in a given host at a given time. We have analyzed the
phenomenon of microbial virulence given its emergent properties and conclude that
microbial pathogenesis is unlikely to become a predictive science because of the inherent
unpredictability associated with the phenomena of emergence71. Here we have extended that
concept to AMI and have considered its consequences.

The main consequences of the emergence noted above are new and unpredictable outcomes,
characteristics that suggest that definite prediction of the function of antibody molecules in a
given host with any degree of certainty might not be possible. Nevertheless, it is known that
it is possible to generate highly effective vaccines that elicit antibodies that mediate
protection against toxins, viruses and certain bacteria. It is an unequivocal fact that some of
the most effective vaccines available today mediate protection in a manner that is
proportional to the induced antibody response and that the success of AMI in vivo can be
correlated with antimicrobial activity in vitro. Most of these vaccines were developed
empirically without consideration of the many complex issues raised here. Success with
toxoid and conjugate vaccines indicates that it is relatively easy to elicit protective antibody
responses to certain microbes and/or microbial components. Such precedents allow the
optimistic view that although AMI exhibits emergent properties, it will be possible to
harness antibody function to the benefit of the host. However, we note that microbes for
which vaccines are not available at present are those for which classical mechanisms of
antibody function have failed to identify a role for AMI in protection against disease, such
as fungi, malaria and tuberculosis, despite tremendous efforts using both empiric and
rational approaches for vaccine design. So far, there has been little or no success in
generating vaccines against microbes thought to be controlled largely through cell-mediated
immunity, possibly because in these cases, antibody function is dependent on mechanisms
other than microbial clearance and/or on enhancing host immune mechanisms. For such
microbes, it is possible that the inability to generate effective vaccines reflects the dual
complexity of AMI and the response, whereby solving one is insufficient for the
development of a vaccine that can either prevent infection or the subsequent development of
disease.
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One sobering fact is that most of what is known about AMI has been obtained from in-depth
studies of relatively few microbes, and it is not clear to what extent generalizations are
possible to other microbes or to other antibody targets, such as cancer cells. However, in the
second decade of the 21st century, it is increasingly apparent that AMI is far from
understood and that its emergent properties pose tremendous challenges to predictability and
integration with other components of the immune system. In the past, the approach to AMI
was largely deterministic, such that antibodies present in the setting of an infectious disease
were considered either protective or nonprotective. However, the finding that the effects of
antibodies can differ depending on the immune status of the host, as well as increasing
evidence that the outcome of antibody binding and function is highly complex, suggest the
need for a new synthesis to guide investigations of AMI. Although deterministic approaches
that link AMI to a specific amount of antibody or an antibody characteristic, such as isotype
or effector function, might allow the prediction of antibody efficacy for some microbes and/
or toxins, it is clear that such parameters are not sufficient for the prediction of whether and
which antibodies will mediate protection against many microbes and/or infectious diseases.
In fact, the phenomenon of emergence suggests that many aspects of AMI will not be
predictable, even with a full understanding of antibody action at the molecular or structural
level. This suggests that perhaps deterministic views of antibody function might be
abandoned for certain pathogens and toxins, and alternatives should be considered. One
alternative is to construct a probabilistic framework based on estimates of the likelihood of a
certain outcome given certain conditions. Clearly such an approach would require the
integration of numerous observations into mathematical models that predict probabilities of
various outcomes that include protection, nonprotection and disease enhancement in a given
host. At this time there is insufficient information for the construction of such models, but
just thinking about the problem suggests the need for different types of experimental data.
For example, predicting the protective efficacy of an antibody in a host could require
information on the effect of antibody on the inflammatory response and better knowledge of
the evolution of the inflammatory response to the microbe. If indeed the best approach to
this complex problem is to generate a probabilistic synthesis, then this synthesis should be
fueled by revisiting correlates of antibody protection with the view that antibody function
can be understood only in the context of microbial and host characteristics and the outcome
of host-microbe interactions. Although such a synthesis could not be generalized to all hosts
or all microbes, it would provide new parameters for future modeling efforts and new
paradigms for the development of vaccines against microbes for which vaccines are not
available at present.
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Box 1

Classical and nonclassical antibody functions

Antibody functions known in the 1970s, before there was the great shift in immunology
away from studies of basic antibody function, are considered ‘classical’. Hence, classical
antibody functions are historically defined mechanisms of antibody action; these
functions include toxin neutralization, viral neutralization, complement fixation,
antibody-dependent cellular cytotoxicity and opsonization. Toxin neutralization, viral
neutralization, complement fixation and opsonization were each known by the first
decades of the 20th century. In contrast, nonclassical antibody functions do not involve
these mechanisms and have been discovered relatively recently. These functions include
direct antimicrobial activity; alteration of microbial signal transduction; and
immunomodulation and modulation of microbial physiology.
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Box 2

The Cryptococcus neoformans system

C. neoformans is a fungal pathogen that is a relatively frequent cause of life-threatening
meningoencephalitis, mainly in people with impaired immunity. This microbe is a
facultative intracellular pathogen that is unusual in that it not only replicates inside
macrophages but is capable of nonlytic exocytosis. For most of the 20th century, AMI
was held to be unimportant for host resistance to cryptococcal disease72. That view
gained considerable support in the 1980s and early 1990s, when there was a staggering
increase in cases of cryptococcosis in people infected with human immunodeficiency
virus who had profound T cell deficiency. Thus, immunity to C. neoformans was
considered to be mediated by cellular immunity. However, the development of mAbs to
C. neoformans capsular polysaccharide opened new avenues of investigation that led to
the discovery that, contrary to longstanding dogma, defined antibodies to defined C.
neoformans determinants are able to mediate protection against experimental
cryptococcosis in mice73–76. Antibodies to C. neoformans mediate protection by
promoting phagocytosis and enhancing host cellular immunity. Further study of these
mechanisms have identified new and unexpected aspects of antibody structure-function
relationships, including the following: in normal mice, IgG1 and IgG2 are protective,
whereas IgG3 is nonprotective; an excess of antibody or antigen can undermine antibody
protection by a prozone-like effect; the C domain (subclass) can alter the specificity of an
otherwise identical antibody (matched by V region); and defined binding of antibodies to
cryptococcal cells can alter the gene expression of the cells, resulting in greater
susceptibility to drugs77.
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Box 3

The concept of emergence

Emergent properties are properties that cannot be accounted for by their individual
components alone78–80. Examples of emergent properties are consciousness, surface
tension, viscosity and the movements of fish schools. Immune responses manifest all the
elements of emergent properties, such as novelty and irreducibility to individual parts.
The immune response to a pathogen or vaccine is the result of numerous cellular and
humoral components that can lead to a new state for the host (immunity or disease).
Although this new state could be associated with a particular component of the immune
system, such as the production of antibody or the toxic shock resulting from the
activation of T cells by a superantigen, the wholeness of the response cannot be reduced
to individual components that work in combination to produce unique properties. For
example, phagocytosis is not reducible to antibodies and cells alone; it is emergent
because it requires the presence of a microbe. The characteristic of novelty inherent in
emergent properties indicates that their unpredictability is irreducible to the constituent
elements. Notably, unpredictability does not necessarily mean that the inexplicable
phenomenon of phagocytosis can be explained once certain facets of the antigen-
antibody interaction, antibody-FcR and ingesting capacity of cells are understood. Given
that immune responses have emergent properties, a deterministic approach to
immunology may not be possible, even if all components of the immune system are fully
understood. Instead, a probabilistic approach may be necessary and more rewarding.
Probabilistic approaches are successfully used in weather prediction and the yearly
development of vaccines against influenza.
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Box 4

A conundrum in antibody response and efficacy

One of the most perplexing aspects of AMI is that the most effective antibodies are made
late in the immune response, often after the host has contained the infection. For
example, historically, the diagnosis of many infectious diseases has been made by
serology during the convalescent period, when the patient has already recovered or is
improving. Furthermore, passive antibodies are most effective when given before
infection; the administration of antibodies after infection is often ineffective in modifying
the course of disease. In contrast, naturally occurring antibodies have now been shown to
be critical for the control of viral, bacterial, and fungal infections. Such observations raise
fundamental questions about the function of AMI early and late in the immune response
to infection and after subsequent encounter with the same microbe in the setting of
immunological memory. The inefficacy of passive antibodies after infection has been
attributed to the inability of antibodies to control rapid microbial growth in early
infection81, whereas the role of antibodies in the late immune response has been
proposed to involve the regulation of cellular immunity82. It is conceivable that AMI
differs early and later in the immune response, such that it is proinflammatory and anti-
inflammatory during the initial and final stages of infection, respectively.
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Figure 1.
Effect of pro- and anti-inflammatory antibodies on three hosts that differ in their immune
response to infection, as viewed in the context of the damage-response framework42. (a)
Positions of three infected hosts in the immune response: hosts 1 and 3 manifest disease at
the two extremes of the immune response, whereas host 2 remains asymptomatic by
mounting an immune response that is sufficiently strong to control infection while avoiding
immune-mediated host damage. (b) The effect of a proinflammatory antibody on the three
hosts in a. In this situation, the immune response of host 1 is shifted to a more optimal
position and the antibody is protective, whereas for hosts 2 and 3 it has the potential to
promote disease by enhancing inflammation. (c) The effect of an anti-inflammatory
antibody on the three hosts in a. In this situation, host 3 benefits, whereas the same antibody
can be detrimental to host 1 and ‘indifferent’ to host 2.
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