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A Role for Eosinophils in Adaptive Humoral Immunity
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Abstract: This review describes eosinophils in the context of their conspicuous presence as part of the memory (i.e.,
anamnestic) immune response to antigen. We propose a role for eosinophils, along with Antigen Presenting Cells (APC),
in the initiation of humoral immune responses to protein antigens by memory T Helper-2 (TH2) cells and memory B
lymphocytes. Eosinophils have long been known as a component of the inflammatory response induced during prolonged
or repeated exposure to diverse antigens. However, their precise contribution to secondary antibody responses remains to
be fully clarified. These morphologically unique granulocytes possess a wide assortment of preformed cytokines,
interleukins, chemokines and RNAses (collectively known as eokines), which can be rapidly released during an
inflammatory response to foreign proteins. Their accumulation and release of diverse eokines during the inflammation
that accompanies an anamnestic response suggests an immunoregulatory function for eosinophils. Based on published
results, we propose that preformed eokines attract dendritic cells and other APC to the inflammatory site and contribute to
their maturation and activation. In addition, eosinophil RNAses and other enzymes catabolize cellular products (e.g.,
dsRNA complexes) released by antigen-activated memory TH2 cells undergoing apoptosis. As shown for other antigen-
induced responses, B memory cells could bind components of RNA and other molecules present in the inflammatory
exudate via their cell surface Toll Like Receptors (TLR), contributing to activation, clonal expansion, and differentiation
into antibody-producing plasma cells. Overall, we present a unifying hypothesis to account for the presence and

immunomodulatory role of eosinophils in the humoral immune response.
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INTRODUCTION

The presence of antigens in immunologically competent
animals initiates an elaborate, well integrated series of
reactions and interactions involving multitudes of cells that
originate primarily in the myeloid and lymphoid tissues, and
migrate into the blood and into the induced inflammatory
area. The cellular responses to antigen or its epitopes
(antigenic components) culminate in the induction of cell-
mediated immunity, primary and/or anamnestic humoral
responses, autoimmunity and/or tolerance. These response
mechanisms all involve the reaction of specific cellular
components with the foreign agent, with each other and/or
with the chemokines, growth factors and cytokines released
by activated cells [1-7]. It also involves transfer of specific
information from one cell to another during the induction of
humoral immunity.

The types of cells participating in the induced
inflammation have been extensively investigated and their
role in the humoral aspects of adaptive immunity described.
However, there has been one notable exception - the
eosinophil. The attention given to the beneficial or adverse
reactions generated by eosinophils and their secreted
products in asthma, other allergic reactions, and parasitic
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infestations is well documented. We acknowledge the large
body of literature on the role of eosinophils in these
scenarios, which have been described in several excellent
reviews on these topics [8-13]. By comparison, there have
been relatively few studies on the involvement of eosinophils
in humoral immune responses. This review chronicles the
contribution of eosinophils to various stages of humoral
adaptive immunity, and re-interprets some of the existing
data in these areas in light of newer discoveries about
cellular interactions involved in the antibody response to
protein antigens. We also suggest a regulatory role for
eosinophils in these reactions, and in the possible transfer of
information from memory TH2 cells to memory B cells.

The cellular components migrating to the site of
inflammation include two types of granulocytes -neutrophils
and eosinophils. Both are “end cells” with segmented nuclei
containing compact nuclear material, primarily heterochro-
matin, without the capacity for renewed DNA synthesis.
Preformed enzymes and related proteins are stored in distinct
cytoplasmic structures, and can be rapidly released as the
cells leave the blood vessels and enter the inflammatory area.
Both cell types have a very limited life span and are
incapable of replication.

T and B lymphocytes, macrophages, and dendritic cells,
each containing nuclear material capable of increasing their
euchromatin, and cytoplasmic structures, also migrate into
the inflammatory area. Although these cells carry a
minimum of preformed enzymes, they have the capacity to
respond by developing DNA-dependent RNA synthesis and
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new protein formation. They react somewhat more slowly
than the granulocytes, but tend to persist much longer in the
inflammatory area and are ultimately transported into the
draining lymphatics and into regional lymph nodes. They
may also demonstrate DNA replication followed by cell
division in associated granulomatous areas and in regional
lymph nodes. The specific membrane receptors characteristic
of each cell type and their capacity to initiate signal
transduction event(s) within the cell have a significant role in
the initiation of immunity.

GENERAL INFORMATION ABOUT EOSINOPHILS

Eosinophils are a component of the mobile cell
population normally resident in the connective tissue fluids
associated with the respiratory and gastrointestinal tracts and
in bone marrow, spleen and lymph nodes. They are a
component of the inflammatory response and their numbers
increase greatly during prolonged or repeated exposure to
parasitic organisms or antigenic material (see Figs. 1-3) [6,
14, 15]. In contrast, repeated injections of carbon, isologous
proteins or non-cross reacting antigens do not initiate an
augmented and prolonged eosinophil response [16, 17].

Fig. (1). Electron micrograph of a mature mouse eosinophil.

The mature eosinophil has a donut shaped nucleus,
stretched into a thin shape and often folded. Dense
heterochromatin is compressed along the inner nuclear
membrane with a relatively small amount of euchromatin in
the center, and an occasional nuclear pore can be seen. Large
cytoplasmic granules with a dense core surrounded by less
dense granular material are a conspicuous cytoplasmic
component. Mitochondria are also present along with a
prominent golgi apparatus and a nearby single centrosome.
Ribosomes are scattered throughout the cytoplasm but not
directly associated with the endoplasmic reticulum (Fig. 1).
Mature eosinophils are not capable of cell division and have
minimal capacity for initiating new protein synthesis.
However, they do possess a wide assortment of preformed
cytokines, interleukins, chemokines and RNAses, which can
be rapidly released during an inflammatory response.

Eosinophils are also conspicuously present in the
secondary (anamnestic) response to foreign proteins. This is
demonstrated in Fig. (2) in which adult mice were first primed
subcutaneously with tetanus toxoid plus pertussis vaccine and
reinjected i.p. 4, 8 and 16 weeks later. The column on the left
represents controls primed with tetanus toxoid and injected i.p.
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with diphtheria toxoid. The remaining columns are mice
challenged with tetanus toxoid at 4, 8 and 16 weeks after
priming. Each point represents an average of 5 mice plus or
minus the standard error of the mean.

When re-injected with the priming antigen, the
eosinophil response (middle row) consistently demonstrated
an elevated response, peaking on day 3, in comparison to the
neutrophil response (top row). The mononuclear cells
(macrophages, lymphocytes and dendritic cells) did not show
distinct differences between animals injected with diphtheria
toxoid vs tetanus toxoid [5].

High titers of humoral antitoxin also occur following
reinjection of tetanus toxoid in mice (Fig. 3).

Humoral antitoxin production involves the reaction of
memory cells with the antigen, leading to formation of
plasma cells that synthesize and secrete the antitoxin. It is of
interest to note that the eosinophil response precedes the
detection of serum antitoxin (Fig. 3). In other experiments
(not shown), mice passively immunized by a prior injection
of homologous or isologous antitoxin did not demonstrate a
secondary type eosinophil response at the site of injection.
Antigen-antibody complexes are therefore not responsible
for the prolonged eosinophil responses at the site of injection
[18].

Eosinophils have an array of receptors that are different
from other leukocytes present in the inflammatory exudate
[19]. They also have an assortment of preformed
interleukins, other cytokines and chemokines stored in their
granules [20, 21] ready for quick release into the
inflammatory milieu. These attributes provide eosinophils
with a wunique capacity for rapid participation in
inflammatory and immune reactions to an antigen.
Eosinophils are poorly phagocytic and do not actively engulf
particulate antigens. They may, however, engulf soluble
antigen or antigen/antibody complexes, and eosinophils can
act as antigen-presenting cells to T lymphocytes [22-25].
Mature eosinophils are “end cells” unable to undergo further
mitosis [26]. They are a minor cellular component of most
inflammatory reactions. When viewed against a background
of proteinaceous material they are somewhat difficult to
detect in hemotoxylin and eosin sections and are frequently
overlooked, especially in the mouse. However under phase
or electron microscopy, or treatment with special stains their
large acidophilic granules make them very conspicuous.
Toxic materials, stress, or corticosteroids drastically lower
the number of circulating eosinophils available for
participating in the inflammatory response [14, 27].
Accordingly, removal of endogenous corticosteroids in
adrenalectomized mice consistently produces higher
eosinophil counts in response to challenging injections with
a variety of different antigens [16, 28].

With their segmented nucleus, condensed chromatin, and
little or no rough endoplasmic reticulum (RER), mature
eosinophils exhibit restricted synthesis and secretion of new
protein molecules. However, production and release of
mRNA can be induced in peritoneal eosinophils [29]. Their
cytoplasm is packed with distinct membrane-bound
acidophilic granules containing a variety of preformed
enzymes which can be released through piecemeal
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Fig. (2). Inflammatory response at the site of injection - the peritoneal cavity.
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Fig. (3). Secondary eosinophil and antitoxin responses after a challenge injection of tetanus antigen to tetanus toxoid-primed mice.
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degranulation, exocytosis and/or cytolysis [30]. Eosinophils
also possess a diverse array of cytoplasmic chemokines and
cytokines, collectively called eokines (Table 1).

Table 1. This is a Partial List of Eosinophil Mediators from
References Cited in the Text. A More Comprehen-

sive List Can Be Found at URL www.copewithcyto

kines.de/
Mediators Produced by Eosinophils
Interleukins | Chemokines Other
1L-2 Eotaxins RNAse-2 (Eosinophil-derived Neurotoxin)
1L-3 RANTES RNAse-3 (Eosinophil Cationic Protein)
1L-4 MCP-3 Eosinohil Peroxidase
IL-5 MCP-4 Major Basic Protein
IL-6 MIP-1ou
IL-10
IL-12
IL-13
IL-16
IFN-y
TNF-o

Abbreviations: IL-Interleukin; IFN-Interferon; TNF-Tumor Necrosis Factor; RANTES-
Regulated upon Activation, Normal T cell Expresses and Secreted; MCP-Monocyte
Chemoattractant Protein; MIP-Macrophage Inflammatory Protein; GM-CSF-
Granulocyte Macrophage Colony Stimulating Factor.

These eokines include Interleukins (IL-2, IL-3, IL-4, IL-
5, IL-6, 1L-13) growth factors (GM-CSF), and many other
polypeptides such as adhesion molecules, lipolytic enzymes,
cytotoxic materials (e.g., major basic protein-MBP),
eosinophil cationic protein (RNase-3), eosinophil-derived
neurotoxin (RNase-2), and eosinophil peroxidase (EPO) [19,
31-35].

The recruitment of eosinophils into the inflammatory
area involves a series of interactions between a multitude of
chemoattractants and cell adherence mechanisms. These
include ecalectin/galectin-9, RANTES, and the eotaxins
released by memory T cells and nearby associated cells,
which collectively induce eosinophil chemotaxis, aggregate
formation, degradation, apoptosis and release of other
cellular stimulants such as IL-4 [36-41].

RNAse-3 (also known as Eosinophil Cationic Protein;
ECP), and RNase-2 (also known as Eosinophil-Derived
Neurotoxin; EDN) are members of the RNAse superfamily
found in higher animals. They are distinctive cationic
proteins present in eosinophil granules, and they can be
released into the inflammatory exudate during re-exposure to
a protein antigen. RNase-3 contains an abundance of
arginine molecules which attach to plasma membranes,
destabilizing the lipid bilayers and increasing their
permeability, presumably by forming ion channels [42]
and/or by membrane depolarization. RNase-3 also acts to
inhibit further growth of cells without being catalytic.
RNase-2 is composed of fewer arginine molecules and is
associated with higher RNAse activity but less cell toxicity.
Some arginine-rich peptides can act as cell-penetrating
peptides (CPP), capable of passing through plasma
membranes while carrying protein and nucleic acid cargo
[43]. Since RNase-3 has been shown to increase plasma
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membrane permeability to nutrients it would be of interest to
determine if the RN Ase can also modify plasma membranes,
facilitating entry of mRNA and other materials into target
cells.

The accumulation of eosinophils and the release of their
diverse eokines during the inflammatory process suggests
that they must have an immunoregulatory function [18, 23,
33, 44-47]. The eosinophil has been referred to as a
“pleiotropic multifunctional leukocyte” acting as a
modulator of innate and adaptive immunity [48]. Cellular
immunity involves memory of an earlier exposure to antigen,
leading to an elevated eosinophil response which can occur
in the absence of humoral immunity [49]. Eosinophil
numbers increase significantly during allergic phenomena
[50, 51], in parasitic [52, 53] and viral infestation [54, 55], in
chronic inflammation [56, 57] and in some cancers [58].
Eosinophils possess antibacterial properties [59], and can
also kill nematode larvae, either alone or in conjunction with
other immune components such as antibody or complement
[60, 61].

Eosinophils and their enzymes have also been shown to
influence the proliferation of activated T and B memory cells
[62] but have little or no effect on naive T and B cells. They
also enhance mast cell activation in allergic inflammation
[63, 64]. While eosinophils play a very prominent regulatory
role in inflammation and in cell mediated immunity their
role in adaptive humoral immunity is much less clear. It has
been demonstrated that activated CD4 T memory cells are
essential for both the secondary eosinophil responses and for
the humoral IgG antibody responses to most protein
antigens. The eosinophil response precedes the development
of cell mediated immunity and it seems likely that some
aspects of the response could also contribute to the initiation
of adaptive humoral responses.

Based on their presence at sites of antigen-induced
inflammation, and their unique functional properties, a role
for eosinophils in humoral immune responses can be easily
envisioned as presented in Text Box 1.

Box 1. Proposed Roles for Eosinophils in the Humoral

Immune Response

Eosinophils can influence humoral immune responses in multiple ways
by virtue of their unique functional characteristics, such as:

e Recruitment to inflammatory sites in response to chemoattractants
and cell adherence mechanisms.

e Release of preformed cytokines, chemokines and other mediators,
which fuel the inflammatory response.

e Ability to ingest soluble antigen or antigen-antibody complexes,
upregulate MHC Class II and costimulatory (CD80/86) molecules,
and present antigenic peptides to T cells.

e Release of RNAse-3 (Eosinophil Cationic Protein), which attracts
Dendritic Cells (DC) to inflammatory sites and promotes DC
maturation and activation, thereby facilitating antigen presentation
to TH cells.

e Release of RNAse-2 (Eosinophil-Derived Neurotoxin), which reacts
with dsRNA released from antigen-activated TH cells undergoing
apoptosis.

e Ability to influence clonal expansion and differentiation of TH and
B memory cells via secretion of preformed cytokines (IL-2, IL-4,
IL-5, and IL-6), contributing to isotype switching and development
of antibody-producing plasma cells.
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PRIMARY VS ANAMNESTIC RESPONSE

The characteristic feature of the vertebrate adaptive
immune response is the ability to recall previous exposure to
a foreign agent and to respond with an augmented
inflammatory response and a prolonged, more efficient and
highly specific humoral antibody response. Concepts of
adaptive immunity have evolved from the simple to the very
complex regarding the types of cells involved, the cell-to-
cell reactions, and the release and response of the
multiplicity of chemokines, cytokines and mitotic agents in
the cellular milieu [44, 65, 66].

A primary i.p. injection of a non-toxic antigen, such as
tetanus or diphtheria toxoid, produced little fluctuation in
total cells or in the number of eosinophils in the blood or
peritoneal cavity when measured daily for 10 days.
However, while a second i.p. injection of the same antigen
produced only moderate changes in cell numbers in the
blood, major increases in the number of total cells and in the
number of eosinophils were recorded at the site of injection
[3, 5, 15]. This local prolonged eosinophilia was not
obtained in passively immunized animals [67], in animals re-
injected with isologous proteins [17], or when multiple
injections of non-related antigens were administered. These
experiments suggest that during the secondary (anamnestic)
response, the local eosinophil response represents a stage of
cell mediated immunity, and possibly an early stage of
humoral immunity.

CD4" T cells are central regulators of both humoral and
cell-mediated immune responses. The initiation of memory
formation in naive T cells involves a number of sequential
steps [68-72]. During the primary response, Antigen
Presenting Cells (APC; dendritic cells, macrophages, B cells,
eosinophils) capture, process and express antigenic peptides
in the context of surface molecules encoded by genes in the
Major Histocompatibility Complex (MHC). Then, clonal
selection of naive T lymphocytes with receptors (TCR)
capable of complexing with the antigenic peptides occurs.
During this primary response, signaling occurs between
antigen-specific T cells and APC, which is mediated by
cytokines and costimulatory molecules. The types of
cytokines and signaling that occurs during these APC-T cell
interactions determine the nature of the T effector and T
memory cells that are produced, which in turn influence the
magnitude, longevity and quality of the subsequent
anamnestic response to that antigen [73].

Humoral immunity is characterized by the generation of
B memory cells that can rapidly generate specific antibody-
secreting plasma cells upon re-exposure to antigen. A critical
difference between B cells and T cells is how each "sees" the
antigen. B cells recognize the cognate antigen in its native
form by their membrane bound-immunoglobulin receptor,
also known as the B Cell Receptor (BCR) for antigen. In
contrast, T cells recognize the cognate antigen in a processed
form, as a peptide fragment presented by MHC molecules on
APC. Both T and B memory cells can persist for long
periods, migrating and recirculating throughout the
lymphatic and other tissues of the body. They have the
capacity to rapidly respond upon re-exposure to the same
antigen or its peptide. During this anamnestic response,
activated B cells are capable of triggering T cell activation,
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and production of cytokines that drive Ig isotype switching
and production of high-affinity antibodies from B cells [74].

Complexing of antigenic epitopes with cell receptors
stimulates clonal expansion of antigen-specific T and B
cells, yielding daughter cells that express membrane
receptors identical to those on the parent cells [74-78].
Although all the antigen receptors on each individual T or B
cell clone are identical, the specificity of the receptors varies
greatly from one clone to another. This clone-to-clone
heterogeneity facilitates the binding of many different
antigenic epitopes. Since each antigen may be composed of
many different epitopes, a corresponding range of T and B
cells is required, each with receptors compatible with one of
the specific epitopes. The B cell receptors react to the shape
of the protein antigen while the T cell receptors react to the
antigen peptides. Recent experiments have suggested that,
following antigenic stimulation, the T cell may undergo
asymmetric cell division, resulting in two types of progeny -
T effector cells and T memory cells [79].

Re-exposure to the same antigen or antigenic epitope
activates the CD4 T memory cells (TH1 and TH2),
triggering release of a variety of chemokines, cytokines and
growth factors. The cytokines released from activated CD4
memory cells (IL-2, IL-4, IL-5, IL-7, IL-15, IL-21) are
important in the regulation of hematopoiesis and immune
responses, and can influence both T and B cell proliferation
and development [80, 81]. One of the secreted cytokines is
IL-5, which stimulates eosinopoiesis, differentiation, and
release of mature eosinophils from the bone marrow to
participate in the induced inflammatory process [6, 82-85].
IL-9 and RANTES, also released from activated CD4 T
memory cells, greatly augment the eosinophil response
induced by IL-5 [86]. Stimulation of fibroblasts with IL-4
and TNF-c¥ caused a 10- to 20-fold increase in the release of
three different eotaxins which are also eosinophil
chemoattractants.

Use of Actinomycin D (Act-D), a polypeptide antibiotic
that blocks DNA-dependent RNA synthesis [87, 88],
revealed a differential effect on cells involved in primary vs
secondary responses to tetanus toxoid. When administered
during priming, Act-D prevented formation of memory cells
required to produce the characteristically high levels of IgG
antibody measured upon secondary antigen injection
[89-93]. Once memory cells were formed, however,
treatment with Act-D did not prevent IgG antibody
formation [44, 87, 89]. In contrast, there was no effect of
Act-D on the eosinophil response to antigen challenge. The
inhibitory action of Act-D on primary immunization and its
failure to affect the anamnestic response demonstrates a
distinct difference in the role of DNA-dependent RNA
synthesis in the two stages of immunity. Moreover, the
presence of eosinophils at the site of antigen challenge
despite treatment with Act-D suggests that they may play a
role in the anamnestic reactions leading to the initiation of
antibody formation.

The use of tritiated (*H) tetanus antigen in mice highly
sensitized to tetanus toxoid revealed the fate of antigen and
the induction of *H-labeled mononuclear cells that became
swollen and vesiculated, forming cellular aggregates with
eosinophils, lymphocytes and macrophages [3]. Labeled
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mononuclear cells were found in the inflammatory exudate
of animals challenged as long as 270 days after tetanus
toxoid priming. In separate ex vivo experiments, these
swollen vesiculated cells were found to release chemo-
attractants for eosinophils, which often formed a “rosette”
around the swollen cell (see Figs. 4, 5) [3, 94, 95].

Photomicrograph

Fig. (4). Chemotactic response of eosinophils to swollen injured
cells. This micrograph shows a rosette of 5 eosinophils and two
small lymphocytes around a vesiculated swollen cell. Such rosettes
occur only in animals primed and challenged with the same antigen.
Eosinophils observed in ex vivo cultures were chemotactically
attracted to swollen cells taken from the inflammatory exudates, but
not to the antigen itself [3].

Eosinophils that directly contact both T and B memory
cells have the potential to release eokines, which could
markedly alter both cell types. In antigen-induced
granulomas, eosinophils subsequently appear in the vicinity
of dividing B memory cells as they transform into plasma
cells [6, 83, 93]. Eokines IL-2, IL-5 and IL-6 are known to
have an effect on B cell proliferation and on IgM production
[96-98]. IL-4 and IL-5 eokines are involved in the isotype
switch that occurs in antibody-producing B cells [99].

- .

Fig. (5). Electron micrograph illustrating the close attachment of an
eosinophil (left) to a swollen 3H-antigen containing cell (right)
following re-exposure to specific antigen.
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IL-2, a component of eosinophil granules [100], is known
to bind to IL-2 receptors on T cells, inducing apoptosis [101-
103]. Thus eosinophils could have a role in the breakdown of
CD4 T memory cells following re-exposure to the antigen
epitope. Tetanus-primed control animals injected with non-
cross reacting diphtheria toxoid antigen did not demonstrate
such responses.

Another eokine, eosinophil cationic protein (RNase-3),
has been shown to block immunoglobulin transcription and
proliferation of existing pre-plasma cells without affecting
their viability [104, 105]. IL-5, in combination with IL-2, has
been reported to activate Blimp-1, a transcriptional repressor
which is a B cell maturation protein required for the
conversion of B cells into plasma cells [106-110]. These
activities emphasize the potential significance of eosinophils
and their eokines in the antibody forming process.

Adaptive immune responses are so complicated and
involved that reductionist approaches are generally used to
define each interacting component [111]. In vitro
experiments to clarify the steps leading to humoral adaptive
immunity have also been reported [71, 112-114]. However,
the complete process involving primary and secondary
responses has yet to be fully defined. Among the
complicating factors are: 1) The showers of chemokines,
cytokines and/or growth factors contributed progressively by
each cell type as they take part in the inflammatory process;
2) cell-to-cell and cytokine/chemokine-to-cell reactions; 3)
phagocytosis, apoptosis and granuloma formation around
antigen deposits; 4) clonal expansion and differentiation of T
and B memory cells, each with receptors specific to an
antigenic epitope; 5) activation of B memory cells in the
presence of activated CD4 T memory cells when each of
their receptors complex with an epitope; 6) adoptive transfer
of information from the activated T memory cell to the
activated B memory cell; 7) conversion of polyribosomes to
ribosomes capable of combining with newly released
mRNA; 8) reformation of polyribosomes containing mRNA
coding for heavy and light chains of the immunoglobulin
molecule; 9) isotype switching from IgM to IgG, IgE or IgA
by differentiated plasma cells.

RELATION OF DENDRITIC CELLS TO EOSINO-
PHILS

The dendritic cell (DC) is essential for initiating both
primary and anamnestic immune responses [69, 115-119].
Dendritic cells are phagocytic with a unique capacity for
antigen presentation and stimulation of naive, memory and
effector T and B cells. They originate in the bone marrow,
and migrate via the blood and lymphatic vessels into
peripheral lymphoid tissues. By their Antigen Presenting
Cell (APC) function, DCs stimulate clonal expansion and
differentiation of antigen-specific T cells that recognize the
antigen fragment or epitope [70, 120]. They also produce IL-
15, which enhances germinal center B cell proliferation
[121].

DCs are attracted into the inflammatory exudate
following release of RNAse-2 by eosinophils, facilitating
their maturation and activation [122, 123]. They also play a
role in the initiation of antibody synthesis by direct
interaction with B cells [124-128]. In addition IL-3, an
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eokine secreted by eosinophils, induces a shift in cell
responses to a Th2 cytokine pattern [129].

Several subsets of dendritic cells (DC) carrying different
membrane receptors reside in different locations in spleen
and lymph nodes and have different functions [130-132].
One DC subset engulfs and internalizes dead cells and can
lead to transfer of processed antigen [133-135]. Another
subset expresses Toll-like Receptor-3 (TLR3) molecules,
which can complex with dsRNA, leading to DC activation,
the production of IFN-0, and facilitation of T cell
proliferation [136]. A third subset, plasmacytoid DC (pDC),
exhibits plasma cell-like morphology [137]. All subsets
appear to take up and process antigen, and to present peptide
fragments in the context of MHC molecules to T cells.

Thus, the attraction of dendritic cells into the inflam-
matory exudate suggests that by release of eokines,
eosinophils could serve to regulate aspects of the humoral
immune response.

INFLAMMATORY EXUDATE

The inflammatory exudate, with its burden of dendritic
cells, eosinophils, T and B memory cells, as well as cellular
debris and a broad assortment of enzymes, flows into the
afferent lymphatics and into the regional lymph node(s) [4,
17, 138-140]. Subsequent reactions lead to the transformat-
ion of B memory cells into plasma cells both locally in the
granulomatous tissue and in the regional lymph nodes [45,
83, 141, 142]. Some of the T and B memory cells pass via
the thoracic duct to the blood and to lymphatic and myeloid
tissues. They eventually become a component of the mobile
(i.e., recirculating) lymphocyte population [65, 143-147].

ROLE OF THE THYMUS

The importance of the thymus in lymphopoiesis and in
certain immunological responses has been well documented
[148, 149]. In Thymectomized, Irradiated and hematopoieti-
cally Reconstituted (TIR) mice the mononuclear and
eosinophil cell responses to a challenging injection of tetanus
toxoid were drastically reduced [150]. The responses to
carbon, a non-antigenic stimulus, were not altered. TIR mice
have a normal level of bone marrow eosinophils which
suggests that while thymectomy does not reduce the capacity
for eosinophil formation, it does generate a deficiency in the
cellular mechanisms involving eosinophil responses to
antigen. Subcutaneous implants of intact thymus restored the
capacity of these mice to demonstrate normal mononuclear
and eosinophil responses to antigen.

In summary, a shortage of T cells capable of reacting to
antigen and releasing cytokines is responsible for the failure
of the secondary eosinophil response in thymectomized,
irradiated and reconstituted mice.

EFFECT OF CORTISONE

Stress, which involves release of cortisol by the adrenal
cortex, greatly influences the immune response [151].
Cortisone acetate, which inhibits the eosinophil response,
also prevents antibody formation in mice [27, 152-155].
While it does not appear to act directly on pre-existing
eosinophils, it does facilitate a marked reduction in
eosinophil release from the bone marrow. This was
demonstrated in mice by intraperitoneal implantation of
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cortisone acetate pellets into an inflammatory exudate
containing many eosinophils [14]. A rapid decrease was
measured in the blood eosinophils while the number of
eosinophils in the peritoneal exudate declined slowly. This
suggests an indirect effect of cortisone acetate on
mechanisms involved in eosinophil formation and release
rather than a direct effect on eosinophils in the inflammatory
area.

EFFECT OF X- IRRADIATION

Experiments involving whole body X-irradiation,
administered before and after antigen exposure, demonstrate
that the radiation-sensitive stage of antibody formation
coincides with the stage when irradiation markedly reduces
the number of eosinophils responding to antigen injection
[156, 157]. When sufficient numbers of preformed eosino-
phils were present at the time of antigen injection, the
anamnestic antibody formation was not affected by
irradiation, suggesting a possible role for eosinophils in the
development of humoral immunity.

Separate experiments further demonstrated that cell
mediated responses to tetanus toxoid were more radioresis-
tant than humoral antibody responses [156-160]. While
immune spleen cells exposed to 100r or 400r irradiation in
vitro were able to induce an eosinophil response after
adoptive transfer, the humoral response was abolished. In
contrast, after exposure to 500r irradiation, both responses
were abolished. This demonstrates distinct differences in
radiation-sensitivity between cells capable of inducing a
secondary eosinophil response and cells involved in the
production of IgG antibody (antitoxin).

TREATMENT OF PRIMED MICE WITH ANTI-LYM-
PHOCYTE SERUM

Anti-lymphocyte serum inhibits the eosinophil response,
as well as new antibody formation, after a challenging
antigen injection to previously immunized mice. However,
when CD4 T memory cells were adoptively transferred
following anti-lymphocyte serum treatment of such antigen-
primed mice, both mononuclear and eosinophil cell
responses were greatly augmented and IgG antibody
formation occurred after antigen challenge [67, 161-163].

PASSIVELY IMMUNIZED MICE

An intraperitoneal injection of tetanus toxoid into non-
immunized mice induces a transient eosinophil response,
peaking at 24 hours. By comparison, animals previously
primed by a subcutaneous injection of the tetanus toxoid and
challenged intraperitoneally have higher numbers of
eosinophils at 24 hours, which continue to increase until
reaching a peak at 3 - 4 days (Fig. 3). They are still present at
days 5 and 7, and are also found in the granulomas where B
memory cells are transforming into plasma cells. While
injections of either heterologous or isologous anti-tetanus
antibody prior to challenge did not suppress the transient
eosinophil response they did prevent any prolonged
accumulation of eosinophils [15, 67]. This suggests that the
transient phase is due to non-specific permeability of the
blood vessels while the prolonged eosinophil response
requires specific stimuli, such as the chemoattractants
released by activated CD4 T memory cells.
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A specific antibody injection prior to or simultaneously
with a priming dose of antigen suppresses humoral immunity
in mice [164, 165]. One explanation for this phenomenon is
masking of antigenic epitopes, thereby preventing antigen-
specific lymphocytes from recognizing and responding to the
antigen [165]. For T cells, such epitope masking would also
interfere with effective T cell-APC interaction, and prevent
the release of chemokines and cytokines that augment local
eosinophil responses, and which lead to B cell transfor-
mation and antibody formation.

ADOPTIVE TRANSFER OF MEMORY CELLS

A system of adoptive transfer of lymphoid cells from
immunized mice into immunocompromised mice was used
in order to establish the specific role of various cells in the
immune process (Fig. 6). This involved the use of recipient
TIR mice that were Thymectomized, lethally Irradiated
(1100r) and Reconstituted with bone marrow or fetal liver
cells [45, 65, 143, 145, 148]. Anamnestic eosinophil and
antibody responses to tetanus toxoid were obtained in these
mice only when viable lymphoid cells from immunized mice
were injected intravenously after irradiation. There was a
delay in both the eosinophil response and the IgG antibody
production, presumably due to the time required for the
transferred hematopoietic cells to divide and form the
colonies that produce mature blood cells. Eosinophil
colonies were observed in both the spleen and bone marrow
prior to IgG antibody (antitoxin) production [148]. Neither
serum nor cell-free lymph from normal mice was effective in
transferring the immunity.

Adoptive transfer of primed lymphocytes also established
colonies in the bone marrow and spleen, which furnished the
memory cells enabling the irradiated mice to respond to a
challenging injection of antigen (Fig. 6).

The capacity to induce an antitoxin response first
occurred in the regional lymph node (LN) 10 days after
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priming. At this time the other LNs and the spleen did not
have this capacity even when the number of transferred cells
was greatly increased. By day 17 adoptive transfer of
responses occurred from cells in the spleen and in some LNs.
By day 30, cells from all LNs transferred the capacity to
produce high antitoxin responses. Thus, between days 10 and
30 the capacity to induce antitoxin production spread from
the regional LN to all peripheral lymphoid tissues. The
memory cells involved in the eosinophil response to
challenge began to appear in spleen and LNs between days 3
and 6, reaching a peak by day 10. Ten days after priming, the
spleen contained memory cells capable of adoptively
transferring a high eosinophil response to challenge but were
unable to induce antitoxin formation. By days 17 and 30,
primed spleen cells were able to transfer both the eosinophil
and antitoxin responses to challenge. This difference in the
rate of appearance of memory cells facilitated the individual
study of each population [144].

This experiment indicates that when spleen cells were
transferred 10 days after priming, a secondary eosinophil
response to challenge was obtained but no IgG antibody was
produced. However, when spleen cells were transferred 30
days after priming, high IgG antibody responses and high
eosinophil responses were obtained. This suggests that at 10
days only CD4 T memory cells are present in the spleen but
at 30 days B memory cells are also present (see Fig. 6) [144].

In one experiment, irradiated mice receiving primed
spleen cells but no bone marrow or fetal liver cells, had
increased IgG antibody titers. This suggests that mature
radiation-resistant eosinophils present at the time of adoptive
transfer contributed to the challenging response. In irradiated
animals new eosinopoiesis begins in the bone marrow by day
18. In all cases the transfer of cells obtained from bone
marrow, thymus, or spleen from primed donors provided
higher eosinophil counts in response to challenge than did
transfer of cells from non-primed donors.
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In other experiments, selective removal of T lymphocytes
from a population of primed spleen cells was accomplished
by treatment with anti-Thy 1.2 serum plus complement (see
Table 2). Such treatment prevented the secondary eosinophil
responses as well as the secondary humoral antitoxin
responses to tetanus toxoid, indicating the central role of T
memory cells in both types of responses.

Table2. Summary of Adoptive Transfer of Memory Cells
Demonstrating Two Separate Memory Cell
Populations, One Involved with the Anamnestic
Eosinophil Response (T Cell) and a Second Involved
with Antibody Production (B Cells)

A Primed | Naive | Primed | 2°Eosinophil 2° Antibody
€ | TCells | TCells | B Cells Response Response
- + - + No No

+ + - - Yes No

+ - + + No No

+ - - + No No

+ + - + Yes Yes

Abbreviations: Ag-Antigen; 2°-Secondary (anamnestic) response; plus (+) means
presence and minus (-) indicates absence of what is described in the column header.

The nature of the populations responsible for eosinophil
and antibody responses was characterized by depleting T or
B cells prior to transfer. The population involved with the
anamnestic eosinophil response was inhibited by anti-T cell
antibody plus complement but not by anti-B cell antibody
plus complement. This indicated that the anamnestic
eosinophil response required the presence of T cells.
However, transfer of naive T cells and primed B cells did not
induce humoral antitoxin, indicating that memory helper T
cells were also necessary for anamnestic antibody responses.
While T memory cells for eosinophil responses appeared
earlier and spread more rapidly than B cells, both
populations were necessary to initiate antitoxin production.

The role of B lymphocytes in immune reactions was also
studied by treating primed spleen cells with anti-Ig serum
and complement prior to adoptive transfer [65]. Such
treatment inhibited humoral responses to both thymic-
dependent and thymic-independent antigens. When 30 day
immune spleen cell suspensions were treated with anti-Ig
serum plus complement prior to transfer, a prolonged
eosinophil response was obtained even though the humoral
response was prevented. When these immune spleen cells
were treated with anti-Thy 1.2 and anti-Ig serum, both
responses were inhibited. Addition of non-primed spleen
cells failed to restore the anamnestic responses.

To determine if the CD4+ T memory cells that mediate
the eosinophil response could also act as helper cells in IgG
antibody production, 10 day immune spleen cells were
combined with T cell-depleted 30 day immune cells. When
transferred into TIR mice, these primed T cells, along with
primed B cells, facilitated both the eosinophil response and
IgG antibody production.

These results indicated that B memory cells needed the
cooperation of memory T helper (TH) cells in order to
undergo the transformation into plasma cells. At the time
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these experiments were performed, TH cell subsets were not
yet described. However, based on the subsequent
characterization of TH1 and TH2 subsets and their cytokine
patterns [166, 167], it became apparent that memory TH2
cells mediated the observed secondary responses described
in these earlier studies. Antigen-challenged memory TH
cells also induced high eosinophil responses at the time B
memory cells were converting to plasma cells (Fig. 6),
suggesting a role for eosinophils in the B cell transformation.

GRANULOMA FORMATION

The number of cells present in the peritoneal exudate
following an i.p. injection of tetanus toxoid plus alum into
previously immunized mice tended to diminish after about a
week (see Fig. 2). By the end of the second week, the cell
number was similar to that of non-injected controls [16,
168]. In contrast, serum IgG antibody was first detected 4 to
7 days after challenge, and the titers continued to rise for the
next 6 to 8 weeks - long after the number of cells in the
peritoneal exudate had begun to subside.

In order to study cellular interactions among the various
cell types involved in the secondary response in tetanus
toxoid-primed mice, the challenge antigen was absorbed
onto activated charcoal, which facilitated identification of
the granulomas that developed in the peritoneal cavity [6,
82]. These granulomas represented a localized manifestation
of the secondary response to antigen, and initially contained
populations of cells similar to those seen in the inflammatory
exudate (see Fig. 7). By removing the granulomas at various
times after antigen challenge, quantitative and qualitative
analysis of their cellular content provided a sequential view
of the ongoing cellular response. Coupled with measurement
of serum titers of IgG anti-tetanus antibody, a comprehen-
sive picture of cellular and humoral responses was attained.

Granulomas that formed locally after i.p. injection of
antigen plus alum were removed, cell suspensions were
prepared, and absolute cell numbers were determined by
total cell counts and differential morphology. Granulomas
induced by alum alone (left panels of Fig. 7), alum plus a
primary exposure to tetanus toxoid (middle panels), and
alum plus a secondary injection of tetanus toxoid (right
panels) were compared. The greatest numbers of eosinophils
and plasma cells were found in mice that received a second
injection of specific antigen [45].

Subsequently, large blast cells, many undergoing mitosis
and surrounded by eosinophils, were observed (see Figs. 8,
9). A few plasma cells were observed at 7 days, and they
slowly increased in number until they became a major
constituent, forming a cortex of cells around a medullary
region of macrophages, cellular debris, antigen and a few
neutrophils. The mononuclear cells in the cortex varied
widely in size, shape, nuclear position and degree of
cytoplasmic basophilia. Eventually, plasma cells predomin-
ated, forming as many as 10 layers of cells around the
medullary area (Fig. 10).

Irradiated, syngeneic hosts receiving a granuloma
transplant acquired the ability to synthesize antibody, as well
as the capability to mount an anamnestic response when
challenged with specific antigen [45, 83, 169]. These
granulomas are therefore a local manifestation of the cells
responsible for humoral immunity.
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Fig. (7). Cellular composition of granulomas. The total number of each cell type is shown for alum controls (left column), primary

granulomas (middle column), and secondary granulomas (right column).

Fig. (8). Blast cell surrounded by eosinophils. In this electron
micrograph 7 eosinophils surround the large mononuclear blast cell
in the center of the micrograph.

In separate experiments [6, 83, 170, 171] similar plasma
cell granulomas were induced in the subcutaneous region of
mice by injections of tetanus toxoid mixed with adjuvant
aluminum hydroxide or pertussis vaccine. Paul, et al. [45]
estimated that in such granulomas the number of plasma
cells increased by 2000 cells per day between the 4™ and the
28" day after injection. These experiments demonstrated that
granulomas represent a manifestation of the humoral
immune response at the site of antigen injection. Since they
persist for long periods, they serve as a prolonged source of
antigenic stimulation necessary for sustaining serum
antibody titers [172-176].

CELL-TO-CELL COMMUNICATION DURING ADAP-
TIVE IMMUNITY

The presence of nucleic acids in the peripheral
circulation has been known for a long time. However, the
potential for RNA to carry information from one cell to
another has been realized only recently [177-179]. The
evidence suggests that RNA may supplement endocrine and
paracrine signaling and act as an efficient and flexible source
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of sequence-specific informational transfer between cells,
both locally and systemically. This represents a new
mechanism of cell-cell communication in which the delivery
of RNA occurs by transfer through nanotubes which connect
one cell with its neighbor, and nano-vesicles called
exosomes. These exosomes are released from diverse cell
types into the extracellular milieu, and are found in blood,
breast milk and urine [180-183].

Fig. (9). Blast cell surrounded by eosinophils.

Ao

Fig. (10). Persistence of plasma cells in granulomas that develop in
tetanus toxoid-primed mice following a challenge injection of
tetanus antigen.

Exosomes are created intracellularly when an endosome
containing many small vesicles fuses with the cell
membrane, triggering the release of nano-sized vesicles
(<100 nm). Once released, the vesicles are called exosomes
and consist of a lipid raft embedded with ligands common to
the original cell membrane. Exosomes are produced by many
different cells, and cell components. Of special interest to
this review are hematopoietic cells, such as dendritic cells, B
cells, T cells, and mast cells, which have been shown to
release exosomes [184, 185].

Isolated exosomes collectively contain thousands of
different protein and RNA molecules, but little or no DNA
has been reported. Exosomes from different cellular origins
also bear distinct proteins of the producing cell. Some of the
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RNA molecules are in the form of mRNA, which was
demonstrated to be functional and could induce protein
synthesis when transferred to another cell. This mRNA has
been transferred from mouse to human mast cells, resulting
in the production of mouse proteins by human cells [177].

A wide variety of RNA molecules of different sizes exist
within isolated exosomes. Some appear to be the size of
microRNA, and appear to be non-coded as far as currently
known. Thus, exosomes appear to represent a vehicle by
which one cell communicates with another by way of protein
and RNA molecules, and delivers substances capable of
modulating recipient-cell activity. Thus, there is increasing
experimental evidence to suggest that RNA has been widely
adopted as an intermediate regulatory molecule not just
within cells, but also systemically, thereby forming an
important component of the intercellular communication
system [186].

It has also been shown that exosomes isolated from
human EBV-transformed B cells can activate TH cells in an
antigen-specific manner [187], and exosomes from antigen-
pulsed mouse APC Dendritic Cells can induce tumor
immunity [188]. Therefore, it is possible that exosome-
mediated mechanisms can also result in transfer of RNA
between memory TH cells and memory B cells. The RNA
could then pass through the endoplasmic reticulum-Golgi
secretory pathway, complexing with ribosomes, to form
polyribosomes and become part of the Ig-forming
mechanism in secondary antibody responses.

CELLULAR REACTIONS LEADING TO PLASMA
CELL FORMATION

B cells capable of transforming into antibody-secreting
plasma cells accumulate in specific areas of the body.
Initially they are found in the granulomatous tissue
associated with inflammation and in the regional lymph
node(s). They then spread systemically to all lymph nodes,
spleen and bone marrow and, in some cases, to non-
lymphatic tissue [111, 143-145, 158, 189]. Both T and B
cells play a central role in humoral immunity to protein
antigens [190, 191]. The transformation of B memory cells
to IgG-secreting plasma cells involves a loss of IgM
membrane receptors and/or IgM secretion, a condensation of
nuclear chromatin, a marked increase in RER and finally the
switch to IgG antibody production/secretion. This
transformation of B memory cells is mediated by cytokines
released from CD4 memory TH cells. In addition to T and B
cells, at least two other cell types, dendritic cells (DC) and
eosinophils, also appear to be involved in this B cell
transformation, since both cells contact TH cells and
subsequently B memory cells.

TH2 memory cells, when activated by an antigenic
epitope, release IL-5 which stimulates eosinophil replication
and differentiation resulting in the production, packaging and
storage of eosinophil-produced eokines [31]. One of these
eokines, RNase-2, specifically attracts DCs into the
inflammatory area [122, 123]. These activated DCs produce
and release additional chemokines, including IL-15, which
stimulates B cell proliferation.

IL-5, combined with IL-2 and IL-6, all stored in the
crystalloid core of eosinophil granules, are the main factors
involved in the formation of Blimp-1, a transcription
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repressor protein and a master regulator of plasma cell
differentiation [192, 193]. This cytostatic repressor inhibits
on-going transcription and translation of mRNA in the B
cells without being cytotoxic. Since B cell proliferation is
stimulated by IL-15, the daughter cells contain ribosomes
presumably capable of utilizing newly released mRNA
coded for IgM [194-201]. B cells have the capacity to
sequentially produce both membrane-bound and secreted
forms of the Ig antigen receptor, depending upon pre-mRNA
cleavage and splicing. Under the influence of cytokines and,
perhaps, the uptake of exosomes containing antigen and/or
mRNA originating from APC and TH2 memory cells, B
cells can undergo additional gene rearrangements to switch
their Ig isotype, and differentiate into antibody-producing
plasma cells.

The inhibitory action of another eokine, RNase-3, on
post-transcription mRNA could facilitate the rapid switch in
protein synthesis from ongoing IgM synthesis to synthesis of
IgG, IgA or IgE [104, 202-204]. RNase-3 (Eosinophil
Cationic Protein) and MBP (Major Basic Protein) are of
particular interest in this regard. RNase-3 is a single chain
highly cationic glycoprotein that can be secreted into the
extracellular medium. Both RNase-3 and MBP are toxic to
some foreign agents (bacteria) and many tissue types since
they damage cell membranes. However, they can also enter
cells by a non-surface receptor-mediated mechanism and
inhibit cell growth without necessarily causing cell death.

The B Cell Receptor (BCR) for antigen is normally
composed of an antibody molecule with identical base pairs
of antigen-binding sites, each containing two light and two
heavy polypeptide chains, determined by a multiplicity of
genes in a supergene family. The T cell receptor has only
one antigen-binding site, determined by genes similar to the
Ig genes in their organization and combinational diversity.
The T cell Receptor (TCR) for antigen is a heterodimer with
95% of T cells expressing alpha and beta chains in their
TCRs, and 5% with TCRs consisting of gamma and delta
chains.

Mature B lymphocytes exhibit allelic exclusion in which
only a single isotype of Ig heavy chain and a single isotype
of light chain (x or A) are expressed in the same cell. With
the exception of naive B cells that express both IgM and
IgD, this has been consistently observed as far as the heavy
chain is concerned. However, recent reports document that
dual light-chain expression and light chain shifting (or light
chain gene rearrangements) can occur during this process,
changing the specificity of the antibody [205, 206]. These
exceptions are observed in normal human peripheral blood B
cells [207], and also in B-cell malignant neoplasms,
including chronic lymphocytic leukemia [208].

Light chain inclusion appears to be necessary for the
terminal B cell differentiation into plasma cells. The light
chain dependency and associated exceptions indicate that the
development and expression of the light chain must be
somewhat different from that of the heavy chain. This may
involve the extracellular stimulus from the TH memory cell.

Although it has been demonstrated that surface molecules
on activated memory TH2 cells interact with B cell surface
molecules [209], transfer of information could also occur
when antigen-activated memory TH2 cells undergo
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apoptosis/necrosis. During these cell interactions, TH2
memory cells release their cellular content, including the
dsRNA containing RNA coded for T cell receptors, into the
extracellular media. There is also a breakup and release of
endosomes, forming exosomes containing the RNA.

This inflammatory milieu also contains RNAses and
other enzymes released by activated eosinophils which had
previously been attracted to the area. Memory TH cells,
when stimulated, secrete high levels of RANTES, an
eosinophil chemotactic and activating agent [210-212].
Moreover, in addition to the immediate release of preformed
RANTES, synthesis and release of RANTES continues over
a period of 40 days, thus maintaining high local levels of
activated eosinophils in the inflammatory milieu.

Until recently, the cell membrane was considered an
impermeable barrier for most macromolecules. However
cell-penetrating peptides (CPPs) or protein transduction
domains (PTDs) have recently been shown to cross the
lipophilic barrier of cell membranes and carry cargos of
nucleic acids, proteins and a wide variety of large molecules
and small particles with them [43]. This cationic delivery
system permits molecules to efficiently enter cells and
function in the cytosol.

This is a non-surface receptor-mediated mechanism,
which has been shown to be responsible for ferrying
cytotoxic RNAse as well as RNA molecules into target cells
[213-216]. It is possible that the CPPs in the inflammatory
exudate could transport mRNA or even DNA from the
disrupted CD4 T memory cells into the preplasma cells as
they convert into plasma cells.

Association of DCs and eosinophils also appears likely
given the fact that on re-exposure to antigen, the eosinophil
response is augmented and an eokine, RNase-2, which
specifically attracts DCs into the inflammatory area, is
released [122, 123]. DCs are important APC for antigenic
peptides in both the primary and anamnestic responses, and
in the release of chemokines that affect B cell replication.
Eosinophils are also present around activated T cells, and are
observed during the early stages of granuloma formation.
The eosinophils cluster around the dividing B memory cells
prior to the period when plasma cells are forming.

In addition, eokines, Major Basic Protein (MBP), and
RNase-2 have been shown to facilitate outer and inner
membrane permeability to nutrients without apparently
killing the targeted cells [217]. The eosinophils, and the
release of their eokines, could contribute in some way to the
adoptive transfer of information from memory TH2 cells to
B memory cells as they transform into plasma cells.

CORRELATION OF CONTEMPORARY RESULTS
WITH THE ROLE OF EOSINOPHILS IN HUMORAL
IMMUNE RESPONSES

Based on results from current studies related to antigen
processing, cell-cell and molecular interactions in humoral
immune responses, we speculate how this information
supports the role of eosinophils in antibody responses. We
do this to stimulate further consideration and study of how
eosinophils participate in the process of antibody production,
particularly following a secondary exposure to antigen.
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Formation and Properties of dsRNA

Numerous studies [218-222] have shown that small RNA
molecules (called RNAi, miRNA or siRNA) can anneal with
mRNA, forming dsRNA, and complex with protein (mRNP).
Moreover, these protein-RNA complexes are formed during
the inductive phase of the immune response, and the protein
component of these complexes is associated with antigenic
epitopes [112, 223-225]. These complexes persisted for very
long periods, and were found to be immunologically active
both in vivo and in vitro. The mRNA complexes result in
inactivated mRNA (mRNA silencing) without causing cell
degradation, and could be processed and re-activated under
appropriate conditions.

We propose that eosinophils could play a role in this
process, since RNA complexes, such as dsSRNA, have been
shown to induce secretion of both RANTES and Eotaxin-3,
which attract eosinophils [226, 227]. Eosinophils also release
RNase-3 which specifically complexes with dsSRNA [228].
RNase-3 has been shown to have a role in the stability and
metabolism of mRNA [193, 229, 230].

During a secondary exposure to antigen, the
transformation of B memory cells into plasma cells occurs in
the presence of the eokines and dendritic cell chemokines
released into the inflammatory area and into regional lymph
nodes. Any nuclear dsRNA containing the inactivated
mRNA formed during an earlier response to this antigen
would be partially catabolized, and the released mRNA
subjected to the editing mechanism of endonucleases and to
splicing by spliceosomes [231, 232].

The released mRNA would be available for protein
synthesis when it attaches to the B cell ribosomes, especially
during mitosis when the nuclear membrane disappears, and
this would explain the rapid switch from IgM/IgD to IgG
production. In addition, the B cell progeny with IgM and IgD
receptors [233] would serve as memory B cells that have
been shown to produce high affinity IgM [234, 235].

T cells also have mRNA specifically coded for the
membrane receptor TCR, which is capable of complexing
with antigenic epitopes. Complexes are also formed with
RNAI, resulting in gene silencing of memory T cells [236].
After re-exposure to antigen, activated memory TH cells
clonally expand and then undergo apoptosis, releasing their
cellular content into the extracellular milieu. The memory
TH cell dsRNA would be released in the presence of
RNAses released by nearby eosinophils.

The results of these studies suggest that eosinophils with
their assortment of eokines most likely have a regulatory role
in anamnestic cellular responses.

Toll-Like Receptors

Toll-like Receptors (TLR) make up a family of pattern-
recognition receptors (PRRs) that sense pathogen-derived
molecules or injured host cells. These germ-line-encoded
transmembrane receptors are part of the signaling network
that triggers the inflammatory, innate and adaptive immune
responses that distinguish “friend” from “foe” [237-239].
They regulate responses in the extracellular matrix, and play
a role in responses to endogenous stimuli such as necrotic
cells and their contents. In vertebrates, TLRs transmit crucial
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information within T and B memory cells and associated
inflammatory cells involved in adaptive immunity.

There is a “division of location and labor” among
different TLRs, some predominating on the cell membrane
while others recognize nucleic acids in the endosomes [240].
There is also a tendency to redundancy and synchronization
with other signaling pathways. Specific cells of the
inflammatory and immune systems appear to be capable of
expressing unique TLRs, each with different reaction
potential [241].

Of relevance to cells involved in the humoral immune
response, TLR3 is expressed on dendritic cells, and reacts to
necrotic or dying endogenous cells and to double stranded
RNA [242, 243], and TLR7 and TLRS8 bind single stranded
RNA molecules [244, 245]. TLR expression can vary greatly
in the same cell at different stages of differentiation. In naive
B cells, for example, TLRs are expressed at low or
undetectable levels, but upon BCR triggering they rapidly
upregulate the TLRs and express TLR9 and TLR10 [246]. B
memory cells express several TLRs at high levels.

Eosinophils also express a variety of TLRs, including
TLRs 1,3,4,7,9 and 10, as shown by both expression of
mRNA and proteins [247-249]. Eosinophils activated by
TLR ligands that mimic bacterial (CpG) and viral (poly I:C)
stimuli exhibit prolonged survival, up-regulated expression
of adhesion molecule CD11b, and increased secretion of IL-
8 [249]. Such activation of eosinophils via their TLR has
been suggested as a mechanism for allergy-associated
inflammation [248, 249]. As described earlier in this review,
activated eosinophils also produce a variety of other
antimicrobial  proteins, including Eosinophil-Derived
Neurotoxin (EDN). EDN can attract dendritic cells to
inflammatory sites, and activate them, resulting in enhanced
antigen-specific, TH2-polarized humoral immune responses
[2501].

Therefore, in the context of the experiments described
above in which a robust eosinophil response precedes the
production of antibody following a challenge injection of
tetanus toxoid in previously immunized mice (see Fig. 3), we
propose that eosinophils play some type of regulatory role in
adaptive immunity. We speculate that in such “memory”
immune responses, eosinophils would be activated via their
TLR, and produce mediators that attract and activate
dendritic cells and other APC to facilitate the observed
secondary humoral immune response.

Knockout (KO) Mice

Genetically altered KO strains of mice provide valuable
research tools to determine the role of a specific gene by
observing the phenotype of mice that completely lack the
gene. Recent work with KO mice clearly demonstrates that
eosinophils play a central regulatory role in chronic allergic
inflammation [51].

For example, IL-5 stimulation is required for the
secondary type eosinophil response that is a component of
the protective immune response to parasites [251-253].
However, IL-5-deficient KO mice subjected to a challenging
Strongyloides stercoralis larvae infection demonstrated very
little increase in eosinophils and were unable to develop
protective immunity [254, 255]. Eosinophils injected at the
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time of challenge resulted in a reconstitution of immune
capacity. These eosinophils did not appear to participate in
the actual killing of the larvae, but were responsible for the
induction of both parasite-specific IgM and IgG responses.
Other experiments using KO mice demonstrate that
eosinophils play an important role in IgA and IgE formation
[256-259] following prolonged or repeated exposure to
antigenic material.

In summary, studies utilizing KO mice strongly indicate
that IL-5 release and the resultant eosinophil response have a
role in the formation of antibody during the protective
immune responses to T cell dependent antigens. These
results support the likelihood that eosinophils participate in
secondary antibody responses to other antigens, including
protein antigens.

SUMMARY AND CONCLUSIONS

Adaptive immunity involves a process by which the
presence of a foreign protein induces highly specific humoral
antibody formation by the coordination of specialized cells
which originate primarily in the myeloid and lymphoid
tissues. Our knowledge of these cells, their actions, reactions
and intercellular communications is now extensive, and it is
challenging to utilize these facts to help understand the
cellular progression leading to humoral immunity.

Although they have not been seriously considered
important to the process of adaptive humoral immunity,
eosinophils are a consistent component of the response to
protein antigens. This review describes the pattern of cellular
responses and interactions leading to specific humoral
antibody formation, and proposes a role for eosinophils and
their cytokines and chemokines in the process. It broadens
the stage for further experiments to evaluate concepts
regarding the mechanisms involved in adaptive immunity.

Current data indicate that in a primary immune response,
exposure to antigen results in expansion of selected clones of
T and B cells, and the formation of mRNA coded for their
antigen-binding receptors TCR and BCR, respectively [68-
72]. This is a DNA-dependent process since the presence of
Actinomycin D has been shown to completely block priming
to the antigen [89-93]. On the other hand Actinomycin D had
little or no effect on blocking the humoral antitoxin response
during the anamnestic response, demonstrating a distinct
difference in sensitivity to the Actinomycin D once memory
cells were formed.

The data suggest that priming results in the formation of
double stranded RNA (dsRNA) complexes, induced by
annealing the mRNA with RNAi (miRNA or siRNA) [260]
which are stored in the speckles or granules within the
vesiculated nuclei of memory T cells [261]. These
complexes consist of dSRNA and a protein which may be a
component of the initiating antigenic molecule [225].

During the anamnestic response to the antigenic epitopes,
memory T and B cells undergo clonal expansion. Replication
of memory TH2 cells is followed by apoptosis/necrosis [80-
82] while B memory cell replication is followed by
differentiation into plasma cells [6, 83, 93]. Breakdown of
the memory TH2 cells results in the release of cell contents,
including stored dsRNA complexes [262], into the
inflammatory exudate where they can be catabolized by
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EPO, RNAse-3, and other enzymes released by eosinophils.
This results in the formation of soluble single stranded coded
RNA which has the capacity to complex with TLR on
memory B cells and their progeny [243, 263, 264].

We postulate that the coded RNA would then pass along
the endoplasmic reticulum-Golgi pathway complexing with
ribosomes created by mitotic division in the activated
memory B cells. This would result in the formation of new
polyribosomes and initiate translation of the coded RNA into
a component of the antibody molecule without requiring
further DNA-dependent RNA transcription.

In summary, analysis of data accumulated from different
laboratories over a span of many years strongly indicates that
eosinophils, along with T and B lymphocytes, macrophages
and dendritic cells, do have an important immunoregulatory
role in memory B cell transformation into plasma cells, and
the initiation of T cell-dependent IgG antibody responses.
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