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Abstract First described by Paul Ehrlich in 1879, who noted
its characteristic staining by acidophilic dyes, for many years,
the eosinophil was considered to be an end-effector cell asso-
ciated with helminth infections and a cause of tissue damage.
Over the past 30 years, research has helped to elucidate the
complexity of the eosinophil’s function and establish its role
in host defense and immunity. Eosinophils express an array of
ligand receptors which play a role in cell growth, adhesion,
chemotaxis, degranulation, and cell-to-cell interactions. They
play a role in activation of complement via both classical and
alternative pathways. Eosinophils synthesize, store and se-
crete cytokines, chemokines, and growth factors. They can
process antigen, stimulate T cells, and promote humoral re-
sponses by interacting with B cells. Eosinophils can function
as antigen presenting cells and can regulate processes associ-
ated with both T1 and T2 immunity. Although long known
to play a role in defense against helminth organisms, the in-
teractions of eosinophils with these parasites are now recog-
nized to be much more complex. In addition, their interaction
with other pathogens continues to be investigated. In this pa-
per, we review the eosinophil’s unique biology and structure,
including its characteristic granules and the effects of its pro-
teins, our developing understanding of its role in innate and
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adaptive immunity and importance in immunomodulation,
and the part it plays in defense against parasitic, viral, fungal
and bacterial infections. Rather than our worst enemy, the
eosinophil may, in fact, be one of the most essential compo-
nents in host defense and immunity.
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Introduction

Paul Ehrlich first described the eosinophil and noted its char-
acteristic staining by acidophilic dyes in 1879. He made a note
of increased numbers of eosinophils present in the blood of
individuals with asthma, helminthic infections, urticaria, and
other diseases [1]. Early research on the eosinophil focused
primarily on its role in inflammation and anaphylaxis. For
some time, the cell was considered as a classic end-stage
effector cell which killed parasites, but in the process, also
caused harm to host tissues [2]. Over the next several de-
cades, the knowledge about the eosinophil expanded as the
functions of its granules and their proteins were character-
ized, and the ability of the cell to produce and respond to
cytokines and chemokines was recognized. However, it has
only been over the past 30 years that we have gained a more
complete understanding of the eosinophils important role in
immunity and host defense. In this review, we will discuss
the function of the eosinophil in parasitic diseases as well as
bacterial, viral, and fungal infections; review the current
understanding of its role in adaptive and innate immunity;
and explore the potential interplay between infections and
inflammatory diseases.
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Differentiation and Development

Eosinophils differentiate from CD34+ antigen pluripotent pro-
genitor stem cells in the bone marrow [3, 4]. They can also
develop from these progenitor cells outside the bone marrow,
notably in the lung tissue in the setting of airway inflammation
[4]. Eosinophils first differentiate into a hybrid precursor com-
mon to both eosinophils and basophils before becoming com-
mitted to a specific eosinophil lineage [5]. Both transcription
factors and cytokines influence the development of eosino-
phils into mature cells [6]. The transcription factor, PU.1,
expressed in hematopoietic cells, works synergistically with
GATA-1 and CCAAT-enhancer-binding protein (c/EBP) to
regulate the differentiation of eosinophils and the transcription
of their granule proteins [5, 6]. Of these, GATA-1 is most
important for eosinophil development [5]. These transcription
factors are not unique to eosinophils; they also influence other
hematopoietic lineages but can have antagonistic properties in
those cell lines [4]. The majority of the granule protein pro-
duction takes place in the final stages of eosinophil maturation
[7]. A number of cytokines including granulocyte-
macrophage colony-stimulating factor (GM-CSF), interleukin
(IL)-3, and IL-5 promotes eosinophil maturation from mye-
loid precursors [2, 5]. IL-5 is the most specific for the eosin-
ophil, influencing its differentiation, activation, migration, and
survival in tissues [3—5]. Along with cytokines, eosinophils
also respond to a number of chemokines, specifically eotaxin-
1, -2, and -3; macrophage inflammatory protein (MIP)-1«,
and regulated on activation, normal T cell expressed
(RANTES) [5]. Eosinophils are released from the bone mar-
row in a mature form, but possessing a half-life of approxi-
mately 18 h, they only spend a short time in the peripheral
blood. Most migrate to the tissues where they can survive up
to 2 weeks [2, 5, 8, 9]. At baseline conditions, eosinophils
localize to the thymus, gastrointestinal (GI) tract, uterus, and
mammary gland [6]. Eosinophils play a role in organ devel-
opment, metabolism, lymphocyte recruitment, tissue repair,
immunomodulation, and tumor immunity as well as antimi-
crobial and antifungal immunity [10]. Under inflammatory
conditions, eosinophils migrate to other body sites including
the lungs and skin. Trafficking to inflammatory sites involves
the interplay of cytokines, chemokines, and adhesion
molecules [2].

Structure

Eosinophils have a distinct appearance containing a bilobed
nucleus and large cytoplasmic granules. Two main types of
granules are present: primary granules and secondary gran-
ules, also called the specific or crystalloid granules. Granules
contain basic proteins that characteristically bind eosin giving
the cell its unique appearance under microscopic examination.

Primary granules contain Charcot-Leyden crystal proteins
which have intrinsic lysophospholipase activity [4, 11]. Spe-
cific granules are composed of an electron dense crystalline
core surrounded by a radiolucent matrix and enclosed by a
trilaminar membrane [12—14]. They store and secrete
preformed proteins including cationic proteins, cytokines,
and chemokines. The specific granule’s core is composed pri-
marily of major basic protein 1 (MBP-1) while the matrix
contains eosinophil cationic protein (ECP), eosinophil-
derived neurotoxin (EDN), and eosinophil peroxidase (EPO)
along with an array of cytokines and chemokines [8, 15].
Specific granules possess a complex system of internal mem-
branous vesiculotubular components in which proteins are
sorted prior to transport [15—17]. Eosinophils also contain
lipid bodies, the site of synthesis of cysteinyl leukotrienes,
thromboxane, and prostaglandins, and cytoplasmic large ves-
icles, which play a role in secretion [4, 16, 18]. Like other
cells, mature eosinophils also possess mitochondria, endoplas-
mic reticulum, and Golgi bodies [4].

Eosinophils secrete their granule contents through three
identified mechanisms: exocytosis, cytolysis, and piecemeal
degranulation (PMD). In exocytosis, granule contents are ex-
truded after fusion with the cell membrane. This can occur by
classic exocytosis, in which granules are released individually,
or by compound exocytosis in which clusters of granules re-
lease their contents via pore fusion [19]. In contrast, in cytol-
ysis, granules are released when the cell ruptures or undergoes
necrosis [14]. This results in the release of intact granules
which can function as extracellular secretory organelles [10].
The mechanism, which is unique to eosinophils, is the piece-
meal degranulation. Through a system of small spherical ves-
icles and larger membrane-bound vesicles, called eosinophil
sombrero vesicles, proteins are extruded from the granules,
traffic through the cytoplasm, and are then released across
the cell membrane [10, 15, 18]. Specific soluble NSF attach-
ment protein (SNAP) receptor (SNARE) proteins coordinate
this process [10]. In this manner, preformed mediators are
released without the need for de novo synthesis [14]. In addi-
tion, various agonists can elicit differential secretion of specif-
ic preformed cytokines without the release of others [17].
These characteristics make eosinophils unique among innate
and adaptive immune cells.

The four cationic proteins, MBP, ECP, EDN, and EPO,
make up most of the content of eosinophilic specific granules.
MBP is the most abundant protein and is localized to the
crystalloid core of the granule and is expressed as two homo-
logs, MBP-1 and MBP-2. It is small in size, consisting of a
single chain of 117 amino acids, and is extremely basic. MBP
is toxic to helminths and possesses antibacterial properties. It
plays a role in the activation of complement via both the
classical and alternative pathways and in the stimulation of
signaling pathways involving mast cells, neutrophils, and
basophils [5]. ECP and EDN are eosinophil-associated
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ribonucleases that were first recognized for their neurotoxic
properties. They are both members of the ribonuclease
(RNase) A superfamily of proteins that possess the ability to
hydrolyze RNA [20]. Their homologous genetic sequences
have only been detected in primate genomes [21]. ECP is a
single chain cationic protein with homology to pancreatic ri-
bonuclease [7]. It is toxic to helminths and possesses antibac-
terial properties, including the ability to bind lipopolysaccha-
ride and other bacterial cell wall components [7]. ECP also
influences the proliferation of T and B lymphocytes, promotes
mast cell degranulation, and regulates components of the clas-
sical complement pathway [7, 22]. EDN is a single chain
polypeptide. It has antiviral properties and is capable of
degrading single-stranded RNA (ssRNA) [23]. EPO, a
heme-containing haloperoxidase, is associated with bacterial
killing and also functions in signaling pathways [5].

Eosinophils can synthesize, store, and secrete multiple cy-
tokines, chemokines, and growth factors, see Table 1. In con-
trast to T cells, eosinophils store cytokines intracellularly as
preformed mediators. Specific granules contain abundant cy-
tokines including 1L-2, IL-4, IL-5, IL-6, IL-13, interferon
(IFN)-y, GM-CSF, and tumor necrosis factor (TNF)-«;
chemokines, such as RANTES, eotaxins, and MIP-1«;
growth factors, such as stem cell factor and transforming
growth factor (TGF) « and {3; and a variety of other enzymes,
see Fig. 1 [4, 24]. Most are stored in the granule matrix, but
GM-CSF, IL-2, and IL-4 are also present in the core [24].
When stored in specific granules, mediators can be immedi-
ately and selectively released when activated by the piecemeal
degranulation [5, 17].

Eosinophils express numerous cell surface receptors which
effect growth, adhesion, chemotaxis, degranulation, and cell-
to-cell interactions, listed in Table 2 [4]. These include recep-
tors for cytokines, chemokines, adhesion molecules, comple-
ment, chemotactic factors, and immunoglobulins [25]. Several
types of pattern-recognition receptors (PRPs) are also
expressed by eosinophils including those for toll-like recep-
tors (TLRs) [4]. They also possess lipid mediator and
proteinase-activated receptors (PARs). The cell surface recep-
tors which set eosinophils apart from other innate and adaptive
immune cells include IL-5 receptor subunit-oc (IL-5Re), CC-
chemokines receptor 3 (CCR 3), and sialic acid-binding im-
munoglobulin-like lectin 8 (SIGLEC-8). The cytokine, IL-5,
effects all aspects of eosinophil biology [4]. IL-5 is produced
by activated Th2 cells and mast cells, by natural killer cells,
and also by eosinophils themselves. It works in synergy with
IL-4, IL-13, and the eotaxins, promoting activation and tissue
recruitment of eosinophils. In a mouse model of respiratory
syncytial virus (RSV) infection, Matthews et al. (2005)
showed that blocking eotaxin-1 inhibited eosinophil chemo-
taxis, altered the recruitment of CD4+ T cells in the lung, and
decreased the production of IL-5 [26]. Via CCR 3,
chemokines, including the eotaxins, RANTES, and MIP-1«,
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interact with eosinophils, promoting chemotaxis. SIGLEC-8
is expressed predominantly by eosinophils and promotes se-
lective apoptosis. Remarkably, eosinophil-specific granules
have their own cytokine and chemokine receptor sites, sug-
gesting that they may play an independent immunoregulatory
role [4, 16, 17].

Migration and Trafficking

Recruitment of eosinophils to tissues is mediated by several
interacting components: cytokines, chemokines, and adhe-
sion molecules and their respective receptors [6]. Recruit-
ment to inflammatory sites involves priming, rolling along
endothelial cells, and adhesion to the endothelium,
transendothelial diapedesis, and chemotaxis [27]. Priming
of eosinophils is the result of the effects of numerous in-
flammatory mediators including cytokines, activating fac-
tors, and TLRs [28]. Rolling is thought to be primarily
mediated by adhesion molecules such as selectins [11,
29]. Interaction with and adhesion to endothelial cells oc-
curs through the interplay of cytokines and adhesion mole-
cules [11, 30]. Endothelial cell adhesion molecules, such as
vascular cell adhesion molecule (VCAM)-1, activate to
form passageways between cells allowing for diapedesis
[30]. Chemotaxis is primarily governed by chemokines,
particularly the eotaxin family [27].

Under inflammatory conditions, activated Th2 lympho-
cytes produce cytokines including IL-4, IL-5, and IL-13.
These cytokines upregulate the production of the chemokines
involved in eosinophil trafficking: eotaxins, MCPs, and
RANTES [4-6]. IL-5 and eotaxin are specific and selective
for eosinophils and also cooperatively promote migration of
eosinophils to the tissues [5, 27]. Eotaxin specifically targets
eosinophils, with its highest expression found in the GI tract.
Proinflammatory and Th2 cytokines induce expression of
eotaxin messenger RNA (mRNA) [27]. Eotaxin plays a role
in regulating eosinophils both during inflammation and at the
baseline [26]. At the baseline conditions, eotaxin-1 directs
eosinophils to the thymus, uterus, mammary gland, and GI
tract [6]. Eotaxin-1 involved in early recruitment of eosino-
phils to tissues, while eotaxins 2 and 3 act as chemoattractants
and have an effect on later recruitment. RANTES is expressed
in eosinophils and both attract and activate them. Adhesion
molecules, including selectins and integrins, have been shown
to play a role in both inflammatory models and at the baseline
particularly in the GI tract. Eosinophils express VCAM-1,
mucosal addressin cell adhesion molecule (madCAM)-1,
and intracellular adhesion molecule (ICAM)-1, integrins that
facilitate endothelial attachment [6]. Other molecules have
been implicated in eosinophil trafficking including prosta-
glandins, histamine, and eoxins, which are proinflammatory
arachidonic acid metabolites [6].
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Table 1 Eosinophil mediators

Leukemia inhibitory factor
Interferons and others
IFN-y
TNF-o¢
TNF-B
GM-CSF
Chemokines
Monocyte chemotactic protein (MCP/CCL2)
MIP-1x (CCL3)
RANTES (CCLS)

C10 (CCLo)
MCP-3 (CCL7)
Eotaxin (CCL11)

Thymus and activation regulated chemokine
(TARC/CCLI17)
Macrophage-derived chemokine (MDC) (CCL22)

Eotaxin-2 (CCL24)
MCP-4 (CCL13)

Pulmonary and activation regulated chemokine
(PARC/CCL18)

Epithelial-derived neutrophil-activating (ENA)
peptide 78 (CXCLS5)

Growth-related oncogene (GROx/CXCL1)

IL-8 (CXCLS)

Monokine induced by IFN-y (MIG/CXCL9)

IFN-y-inducible protein (IP-10/CXCL10)
Growth Factors

Heparin-binding epidermal growth factor-like
binding protein (HB-EGF-LBP)
Nerve growth factor (NGF)

Stem cell factor (SCF)
Transforming growth factor-o
Transforming growth factor-f31

Vascular endothelial growth factor (VEGF)
A proliferation-inducing ligand (APRIL)

mRNA, protein

mRNA, protein
mRNA, protein

mRNA, protein

mRNA, protein
mRNA, protein

mRNA
mRNA, protein

mRNA, protein

mRNA, protein
mRNA, protein
mRNA, protein
mRNA, protein

mRNA

mRNA, protein
mRNA, protein
mRNA, protein
mRNA, protein

Mediator Product Site of storage
Cytokines
IL-13 mRNA, protein
1L-2 mRNA, protein Granule core
1L-3 mRNA, protein
IL-4 mRNA, protein Granule core, secretory vesicles
1L-5 mRNA, protein Granule core/matrix
IL-6 mRNA, protein Granule matrix
IL-10 mRNA, protein Granule
IL-11 mRNA
1L-12 mRNA, protein Granule
IL-13 mRNA, protein Granule
IL-16 mRNA, protein
IL-18
1L-25

Granule, secretory vesicles
Granule, secretory vesicles

Granule core

Granule matrix and secretory
vesicles

Granule

Granule

Granules

Cytoplasm

Granule
Membrane, cytoplasm

Granule matrix and small
secretory vesicles

Granule
Granule

CCL CC-chemokine ligand, CXCL CXC-chemokine ligand, GM-CSF granulocyte-macrophage colony-stimu-
lating factor, /FN-y interferon gamma, /L interleukin, MIP-1a macrophage inflammatory protein-1cc, RANTES

regulated on activation, normal T cell expressed, 7NF tumor necrosis factor
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Fig. 1 Specific granules contain
abundant cytokines

Specific Granule

Innate Immunity

Eosinophils were first recognized in association with parasitic
infections and have long been thought to function as an end-
effector cell. Their presence in association with dead or dying
parasites was first noted decades ago [14]. Specific granule
proteins were noted to possess cytotoxic effects, capable of
damaging parasitic pathogens, and, in the process, neighbor-
ing host tissues [14]. Eosinophil cationic proteins have now
been shown to play a role in host defense mechanisms against
not only helminths but also viruses and bacterial organisms.
MBP is toxic to helminths, ECP and EDN have neurotoxic
properties and ECP has antiviral, antibacterial, and
antihelminthic cytotoxicity [14].

There is an increase evidence of the complex role eosino-
phils play in the host defense and immunity. Similar to neu-
trophils, eosinophils can phagocytose foreign material includ-
ing bacteria, yeast, and parasites, although they do so less
efficiently [14]. Uniquely, they have been shown to release
mitochondrial DNA-containing “traps” into the extracellular
space to engulf bacteria in an instantaneous catapult-like fash-
ion [14, 31, 32]. This process appears to require priming by
IL-5 suggesting that it is associated with Th2 immune
responses [32].

Eosinophils can interact with potential pathogens in other
direct and indirect ways. Eosinophils express receptors for
complement factors and can respond to the complement cas-
cade. Granule proteins, specifically MBP, ECP, and EPO, reg-
ulate both the classical and alternative complement pathways
[33]. Eosinophils express pattern recognition receptors
(PRRs) which allow them to recognize specific pathogen-
associated molecular patterns (PAMPs) of bacteria and fungi
including the bacterial lipopolysaccharide (LPS) and fungal
beta-glucans, allowing them to be directly activated by these
organisms [14, 25]. Eosinophils also express traditional
PAMPs such as TLRs which trigger cytokine synthesis and
secretion and other host responses. Eosinophils express an
array of TLRs including TLRs 1, 2, 4, 5, 6, 7, and 9 [14].
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Specific Granule Content:
Cationic proteins

MBP EDN

ECP EPO

Cytokines
IL-2 IL-13
IL-4 IFN ¢
IL-5 TNFe
IL-6 GM-CSF

Chemokines
RANTES (CCL5)
Eotaxin (CCLII)
Growth factor
TGF=<

Nucleus

TLR7 is most abundant in eosinophils and is activated by
single-stranded RNA found in viruses such as respiratory syn-
cytial virus [34, 35]. Eosinophils also respond to damage-
associated molecular patterns (DAMPs) and by doing so are
attracted to damaged tissues and necrotic cells [14]. Through
these mechanisms, eosinophils play a direct role in innate
immune response to a wide variety of pathogens such as hel-
minths, viruses, bacteria, and fungi and contribute to tissue
homeostasis, see Fig. 2 [4, 14].

Adaptive Immunity

The role that eosinophils play in adaptive immunity is now
more fully appreciated. They can process antigen, stimulate T
cells, and promote humoral responses through interactions
with B cells. Eosinophils produce T cell polarizing cytokines.
In the presence of eosinophils, Th2 lymphocytes become ac-
tivated producing cytokines such as IL-4 and IL-5. This has
been proven for IL-5 in mouse models of RSV infection and
Schistosoma infection and for IL-4 in mouse models of
Nippostrongylus brasiliensis infection [36]. Sabin and Pearce
(1995) demonstrated that eosinophil infiltration occurred soon
after egg injection in a mouse model of Schistosoma mansoni
infection. Early production of IL-4 predicted a Th2 response
[37]. In subsequent work, Sabin et al. (1996) showed that
eosinophil recruitment was dependent on IL-5 [38]. Eosino-
phils function as antigen-presenting cells (APCs) by directly
processing and presenting antigen to naive or primed CD4+ T
cells.

Activated eosinophils express major histocompatibility
complex (MHC) class II receptors on their cell membranes
[36, 39]. This expression has been demonstrated after expo-
sure to tetanus toxoid [36]. Eosinophils have also been shown
to function as presenters of Staphylococcal superantigen and
as APCs in a mouse model of Strongyloides [36]. Eosinophils
can regulate T cell function demonstrating polarization to both
Thl and Th2 pathways and expressing both Thl- and Th2-
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Table 2 Eosinophil cell surface receptors

Mediator Receptor
Cytokine and growth ¢ [L-2R, IL-3R, IL4R, IL-5R, IL-9R, IL-10R,
factors IL-13R, IL-17R, IL-23R, IL-27R, IL-31R,

IL-33R
* TSLPR, GM-CSFR, c-kit, [IFNyR, TGFRR
« Platelet activating factor receptor
* DP2 prostaglandin receptor (CRTH2)
* DP1 prostaglandin receptor

Lipid mediators

» EP4 prostaglandin receptor
» EP2 prostaglandin receptor
* Leukotriene B4 receptor

* CCR1, CCR3, CCR4, CCRS5, CCR6, CCRS,
CCR9

* CXCR2, CXCR3, CXCR4
* FPR1
* C5aR, C3aR
Fc e FcaR
* FeyRII
e FceRIL
e FceRI
* LFAI (CD11a-CDI8)
* CR3 (CDI11b-CD18)
* CR4 (CD11¢-CD18)
* VLA4 (CD49d-CD29)
* CD44
* CD62L
* PSGL1
« CD34

PRR « TLR1, TLR2, TLR3, TLR4, TLRS5, TLRS,
TLR7, TLRY, TLR10

*NODI, NOD2
* RIG-I

* RAGE

* PIRB

* SIGLEC
*PAR 1 or2

* CD80 or CD60
* MHC class 11

Chemoattractants

Adhesion molecules

Other receptors

CCL CC-chemokine ligand, CCR CC-chemokine receptor, CR comple-
ment receptor, CXYCL CXC-chemokine ligand, CYCR CXC-chemokine
receptor, c-kit surface tyrosine kinase, /PRI formyl peptide receptor 1,
GM-CSFR granulocyte-macrophage colony-stimulating factor receptor,
IFN~R interferon gamma receptor, LFA41 lymphocyte function-associated
antigen 1, MHC major histocompatibility complex, NOD nucleotide-
binding oligomerization domain protein, P4R proteinase-activated recep-
tor, PIRB paired immunoglobulin-like receptor B, PRR pattern-recognition
receptor, PSGLI P-selectin glycoprotein ligand 1, RAGE receptor for
advanced glycation end-products, R/G-1 retinoic acid-inducible gene 1,
SIGLEC sialic acid-binding immunoglobulin-like lectin, TGFR
transforming growth factor beta receptor, TLR toll-like receptor, TSLPR
thymic stromal lymphopoietin receptor, VLA4 very late antigen 4

Parasites

N
& ]
j &
Q
S

Bacteria

Fig. 2 Innate immune response to a wide variety of pathogens

associated cytokines [6, 36]. Eosinophils may also function as
a Thl-promoting immunoregulatory cell. In the presence of
rhinovirus, eosinophils have been shown to present antigens
to T cells leading to proliferation [36]. Eosinophils also have
the potential to indirectly promote Th2 immunity through in-
teractions with other cells such as dendritic cells, B cells, and
mast cells. In the granule protein, EDN acts as a
chemoattractant and activator for dendritic cells, and in turn,
activated dendritic cells enhance Th2 responses [39]. In the
setting of Strongyloides stercoralis antigen, eosinophils have
been shown to induce antigen-specific IgM and IgG responses
demonstrating a possible role as immunoregulators of B cells.
Eosinophils regulate and recruit innate immune cells such as
mast cells [36]. They produce stem cell factor (SCF), a cyto-
kine which regulates the differentiation, maturation, and sur-
vival of mast cells [40].

Parasitic Infections

Helminths are complex, multicellular organisms present
worldwide and distinguished by their ability to sustain chronic
infections in human beings, see Table 3 [41-43]. Helminthic
infections often result in malnutrition, anemia, and increased
susceptibility to other infections [43]. Although effective treat-
ments are available, reinfection is common. There are three
families of helminths: cestodes, such as Taenia and
Echinococcus, commonly known as tapeworms; trematodes
(flukes); and nematodes (roundworms). They possess com-
plex life cycles consisting of multiple developmental stages,
each of which is antigenically distinct [42]. Most helminths
are extracellular with the exception of Trichinella spiralis [41,
42]. Infection by helminth parasites induces immune
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Table 3 (continued)

Diagnosis

Geography

Clinical findings

Syndrome

Helminth

Epidemiology:

Europe, Asia, Southeast Asia
Low prevalence in the USA

-Gastroenteritis

Trichinellosis

Trichinella spiralis

-Ingestion of raw or undercooked meats

Lab findings:

-diarrhea, abdominal pain, vomiting

Febrile illness

-Eosinophilia

-fever, myalgia, bilateral periorbital edema

-Elevated serum muscle enzymes

-Antibody detection

Sequelae:
-Myocarditis

-Detection of larvae in muscle biopsy

Epidemiology:

Africa, Central and South America

Subcutaneous nodules

Dermatitis

Onchocerciasis

Onchocerca volvulus

-Bite of a blackfly

Lab findings:

River blindness

Lymphadenitis

-Microfilariae on skin biopsy

-Ocular exam

Ocular disease

Epidemiology:

Tropics worldwide

Wuchereria bancrofii, Brugia species Human filariasis -Lymphangitis, lymphedema

-Bite of a mosquito

Lab findings:

-Tropical pulmonary eosinophilia

-Microfilariae on thick blood smear

-Rapid filarial antigen (W. bancrofti)

responses which are characterized by IgE antibody produc-
tion, tissue and blood eosinophilia, and promote a mast cell
response [41, 42]. The immunological role of eosinophils in
helminth infections was postulated as early as 1939. Histori-
cally, the eosinophil was considered an end-stage cell associ-
ated with host defense during helminth infection; however,
recent studies have challenged this hypothesis.

Trematodes live in the venous system (e.g., Schistosome
species), biliary system (e.g., Clonorchis), gut (e.g., Fasciola),
or airway (e.g., Paragonimus). Three main species of schisto-
somes infect humans are the following: S. mansoni,
Schistosoma japonicum, and Schistosoma haematobium.
They have a complicated life cycle which involves an inter-
mediate host, fresh water snails, and exist in free living water
forms, cercariae, and miracidia. Cercariac penetrate the skin
and transform into schistosomula which migrate to the lung.
They can elicit blood, tissue, and lung eosinophilia along this
course. Eosinophils are able to kill schistosomula via a classi-
cal antibody-dependent cellular cytoxicity (ADCC) mecha-
nism [43]. Swartz et al. (2006) studied the S. mansoni infec-
tion in two novel mouse models of complete eosinophil line-
age ablation. These models showed no difference in worm
burden, egg deposition, granuloma size or number, or pres-
ence of hepatocellular damage in eosinophil-ablated mice as
compared to wild types [44]. However, eosinophils were re-
cruited specifically to granulomata in response to Th2 stimuli,
suggesting a role in clearance of cellular debris and tissue
remodeling [44]. During S. mansoni infection, adaptive im-
mune responses increase after egg excretion and shift from a
predominantly Th1 reaction to a Th2 milieu [37, 38].

Nematodes include intestinal roundworms such as Ascaris
lumbricoides, Trichuris trichiura, Necator americanus, and
S. stercoralis, tissue nematodes such as Ancylostoma
braziliense and Trichinella species and filarial worms such
as Wuchereria bancrofti, Onchocerca volvulus, and Brugia
malayi. Except for filariae, roundworms reside in the gut.
Intestinal nematode infections are among the most common
parasitic infections in humans, estimated to affect more than
one quarter of the world’s population. They are a significant
cause of growth and cognitive delay and malnutrition, partic-
ularly in children. Infection occurs either by ingestion of eggs
(for A. lumbricoides and T. trichiura) or by skin penetration of
infective larvae (for S. stercoralis and N. americanus). The
migration of larval and adult worms results in mechanical-
and immune-mediated damage. The initial concept of the eo-
sinophil as an end-effector cell was a result of histopathologic
tissue evidence of the presence of eosinophils in close prox-
imity to dying parasites [42]. This suggestion has been sup-
ported by laboratory demonstration of in vitro killing of
worms, such as S. stercoralis, by eosinophils (while in the
presence of complement and/or antibodies) as well as their
granule products [42]. Early studies using helminth infection
models focused on the eosinophil’s ability to facilitate in vitro
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antibody-dependent cellular toxicity and to aggregate and
degranulate in the area of damaged worms in vivo.
Eosinophil-mediated parasite expulsion has been observed
with S. stercoralis, T. spiralis, and in the mouse model of
Trichuris trichiura [43]. Worm expulsion is associated with
enhanced Th2 responses such as the production of IL-4, IL-5,
and IL-13 [43]. Eosinophils have been shown to be effective
at inducing Th2 responses and MHC II-dependent expression
to S. stercoralis infection [45]. Murine eosinophils exposed to
S. stercoralis antigens demonstrated elevated MHC class 11
and CD86 and have been shown to drive CD4+ T cells, wheth-
er naive or primed, to generate IL-5 [36]. Padigel et al. (2006)
demonstrated that eosinophils, when pulsed with
Strongyloides antigen, functioned as antigen-presenting cells
and stimulated primed naive T cells and CD4+ T cells to
increase IL-5 production [46]. Unpublished data using a mu-
rine airway inflammation model suggests that eosinophils
may be as effective as lung dendritic cells in T cell stimulation
[36]. This information reinforces the concept that eosinophils
are not solely end-stage cells but also play a part in the
immunomodulation of the adaptive response [36, 46].

T. spiralis infection occurs after ingestion of raw or
undercooked meats which contain a nurse cell-larva complex.
After ingestion, larvae migrate to the small intestine and ma-
ture into adults and mate. Newborn larvae migrate via the
bloodstream to skeletal muscles. The infection results in a
pronounced blood and tissue eosinophilia. Despite multiple
reports of eosinophil killing of 7. spiralis larvae in vitro, stud-
ies of eosinophil-depleted mice did not show a difference in
parasite survival [47]. Fabre et al. (2009) demonstrated that
T. spiralis larvae died in the absence of eosinophils [48].
Huang et al. (2014) further demonstrated a novel mechanism
by which the eosinophil provides protection for intracellular,
muscle stage 7. spiralis infection. Using two strains of
eosinophil-ablated mice, their study showed that eosinophils
promote the production of IL-10, causing expansion of den-
dritic cells and CD4+ T-lymphocytes, decreasing the local
production of nitric oxide (NO), and thereby enhancing tissue
larvae survival [49].

The filarial nematode, O. volvulus, causes river blindness.
Infective larvae are transmitted by an insect vector, the black
fly. Larval and adult worms reside in subcutaneous and con-
nective tissues creating nodules. Eosinophils infiltrate the sub-
cutaneous nodules and degranulate and release granule pro-
teins including ECP, EDN, and EPO. This has been shown to
be dependent on the release of microfilariae from adult worms
[43]. The most serious complication of onchocerciasis is ocu-
lar disease characterized by keratitis and chorioretinitis. Using
a mouse model of O. volvulus keratitis, Pearlman and Hall
(2000) demonstrated recruitment of eosinophils to the cornea
with a Th2 response and production of IL-4 and IL-5 [50].
Although their role in onchocercal keratitis is unclear, they
hypothesize that eosinophils are essential effector cells.
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In lymphatic filariasis, caused by W. bancrofii and Brugia
species, worms infect lymphatic vessels and lymph nodes
resulting in lymphangitis and lymphedema.
Hyperresponsiveness to the parasite results in tropical pulmo-
nary eosinophilia, elevated IgE levels, and chronic cough.
Using a mouse model, Simons et al. (2005) demonstrated that
eosinophil presence is critical for the clearance of primary
B. malayi microfilariae infection from both tissue and blood-
stream sites. In mice injected intraperitoneally with B. malayi,
eosinophils recovered from the peritoneum demonstrated an
elevated level of MHC class II expression on their surface
[51]. This suggests that eosinophils can be stimulated toward
antigen presentation by the local environment [36].

Recent work examining the role of the eosinophil in hel-
minth infections has involved eosinophil-depleted mouse
models utilizing knock-out genes or IL-5 neutralization [2,
6, 14]. Animal models using these techniques have suggested
the importance of the eosinophil in the reduction of helminth
burden and helminth killing, particularly those with tissue-
migratory life forms or tissue requirements, including
Strongyloides venezuelensis, S. stercoralis, Angiostrongylus,
and Onchocerca lienalis [42] However, while IL-5 neutraliza-
tion models have shown decreased tissue and blood eosino-
philia, there is no experimental demonstration of increased
susceptibility to infection with certain parasites, including
T. spiralis, Trichuris muris, N. brasiliensis, Heligosomoides
polygyrus, and Schistosoma [42]. It has also been shown ex-
perimentally that IL-5 transgenic mice with persistent eosino-
philia display no increased immunity to 7. spiralis or
S. mansoni [42, 44]. The lack of a human syndrome charac-
terized by eosinophil deficiency has hampered efforts to de-
lineate eosinophil function in defense against helminth infec-
tions in vivo [5]. The only eosinophil-specific condition is
EPO deficiency which has not been shown to be related to
increased susceptibility to or severity of helminth infection in
human studies [5]. Human epidemiological studies have cor-
related a decreased reinfection rates by Schistosoma
haematobium and S. mansoni with high eosinophil levels sug-
gesting protective immunity [42]. Despite the body of evi-
dence from animal and human studies, the definitive role of
the eosinophil in the parasitic immune response remains
uncertain.

Recent studies from several different labs have shifted the
paradigm from the traditional perception of the eosinophil as
an end-stage cell and provided evidence for one which views
the eosinophil as both an initiator and an effector of Th2 im-
munity [14, 39, 52]. In particular, it has been concluded by
several studies that the eosinophil is involved in the early
regulation of the immune response through the coordination
of cytokines and immature dendritic cells, stimulation of naive
T cells through direct antigen presentation, and consequently,
suppression of the Th1 response [36, 39]. There is also some
evidence that the eosinophil may provide a role in some
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helminth species, not in the primary response to acute infec-
tion but in the immune response to secondary infections, sug-
gesting a more immunomodulatory role [39, 52].

Viral Infections

There is evidence which suggests that eosinophils may play a
role in host response to viral infections, particularly viral respi-
ratory infections. Eosinophils and their granule proteins have
been detected in lung tissue and washings following severe
infection due to RSV [3]. The ribonuclease activity of eosino-
phil granules in animals was identified by Archer and Hirsch in
1963 [53]. The potential antiviral properties of granules and
their proteins, specifically EDN and ECP, were recognized
more recently [9]. EDN and ECP are both members of the
ribonuclease (RNase) A gene superfamily [9, 54].

During trials of a formalin-inactivated RSV vaccine in the
1960s, it was found that recipients developed a hypersensitiv-
ity reaction with bronchoconstriction and severe pneumonia
when subsequently exposed to wild-type RSV infection [3].
Antibody-virus complexes and pronounced eosinophilia were
noted at autopsy in the lung tissue of children who died. Gene
and cytokine depletion studies highlight the role of Th2 cyto-
kines, IL-4, IL-5, and IL-13, as critical to eliciting eosinophilia
in response to formalin-inactivated RSV [55]. It is still not
clear whether or not eosinophils were responsible for the path-
ogenic effects seen following these vaccines trials.

Although eosinophil granules were identified as possessing
ribonuclease activity, their antiviral properties were not recog-
nized until more recently [9]. Using a modified quantitative
shell vial assay, Domachowske et al. (1998) demonstrated a
dose-dependent decrease in infectivity of RSV-A and -B and
to a lesser degree, parainfluenza virus-1, -2, and -3, when the
viruses were exposed to eosinophils in vitro [56]. The eosin-
ophil secretory ribonuclease, specifically EDN, was shown to
possess an antiviral effect [56].

Rosenberg and Domachowske (2001) examined the role of
eosinophils in antiviral host defense in vivo using a mouse
model [21]. They measured murine immune response to
pneumovirus of mice (PVM), a respiratory virus causing an
illness similar to severe RSV disease in humans. Infection
with PVM resulted in an inflammatory response. They found
that eosinophils, along with neutrophils, were recruited to the
lung tissue early in the course of infection and following in-
fection and preceded the developments of respiratory symp-
toms. Following infection, the levels of MIP-1a were found to
be increased [20]. There were no changes noted in eotaxin and
RANTES in response to infection. Rosenberg, Dyer, and
Domachowske (2009) further examined this species-
matched pathogen model for RSV infection [55]. They de-
scribed an ex vivo culture system for generating eosinophils
from mouse bone marrow progenitors. PVM was able to

replicate in these cultures, and its replication was accompa-
nied by the release of IL-6. The generated cells produced
characteristic cytokines and responded to mouse eotaxin-1
[54]. More recently, Percopo et al. (2014) found that eosino-
phils were antiviral and promoted survival in lethal PVM in-
fection using a mouse model of Th2 cytokine-driven asthmat-
ic inflammation [57].

Davoine et al. (2008) presented a novel in vitro system
which they used to study the virus-induced eosinophil medi-
ator release. They demonstrated that human eosinophils were
unable to release granule proteins in response to a challenge
with respiratory viruses (parainfluenza virus, RSV, or rhinovi-
rus) without interaction with CD4+ T cells and antigen pre-
senting cells. Antigen presenting stimulated the release of
EPO or leukotriene from eosinophils when T cells were co-
cultured with virus [58]. This finding suggests that eosinophils
may play arole in the adaptive host defense to viral pathogens
[4]. Phipps et al. (2007) demonstrated eosinophil-dependent
viral clearance in a mouse model of RSV infection. They
showed that eosinophils express surface and intracellular
TLRs associated with antiviral immunity and respond to
TLR ligands [34]. Following stimulation with ssSRNA, a
TLR-7 ligand, eosinophils became functionally activated
demonstrated by degranulation and expression of CD11b.
This suggests a role for eosinophils in antiviral immunity
and viral clearance [5, 34].

In addition to respiratory viruses, eosinophils have been
shown to play a role in other viral infections.
Hypereosinophilia is often seen in late-stage human immuno-
deficiency virus (HIV) infection [4]. EDN has been shown to
possess inhibitory activity against HIV [4]. Macrophages con-
taining eosinophilic intracytoplasmic inclusions bodies have
been noted within hepatic, alveolar, and splenic histopatho-
logical samples infected with Ebola virus [59, 60]. Immuno-
histochemical staining by Wyers et al. (2015) suggests that
these eosinophil inclusions are the major sites of viral replica-
tion [60]. Other than these observations, the knowledge of the
role of the eosinophil in the immune response of Ebola virus
remains limited.

Fungal Infections

Eosinophils may play a role in fungal immunity. Fungi are
ubiquitous in the environment; they contribute to the develop-
ment of airway diseases such as asthma and chronic
rhinosinusitis and can cause invasive disease. Fungal cell wall
components are recognized by cognate receptors and mem-
brane bound receptors such as TLRs. Killing of fungal organ-
isms and host immunity to these pathogens often depends on
multiple TLRs and related pathways [61]. Innate immune cells
in the airway have been shown to recognize chitins and f3-
glucans. Yoon et al. (2008) demonstrated that eosinophils
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react to the environmental fungus, Alternaria alternata,
in vitro. Eosinophils appeared to interact with Alternaria by
contact-dependent killing, adhering to the surface of the fun-
gus and releasing cytotoxic granule proteins, EDN and MBP-
1. They showed that eosinophils utilize a 32-integrin, CD11b,
to recognize and adhere to (3-glucan, but do not seem to ex-
press other fungal receptors or react to chitin [62]. Eosinophils
appear to interact with fungal pathogens by contact-dependent
killing. They have been shown to release cytotoxic granule
proteins such as EDN and MBP-1 into the extracellular milieu
and on to the surface of fungal organisms. Kita et al. demon-
strated that eosinophils released EDN in response to exposure
to Alternaria and Penicillium [61]. Via proteinase-activated
receptors (PARs), proteases activate cells and induce produc-
tion of proinflammatory mediators. Human eosinophils tran-
scribe mRNA for PAR-2 and -3. PAR-2 has been shown to
recognize a protease produced by Alternaria [61]. Fungal pro-
teases may also play a role in fungal-mediated eosinophilic
inflammation. Inoue et al. (2005) showed that fungal products
induced activation and degranulation of human eosinophils
in vitro [63]. The interplay between eosinophils and environ-
mental fungi may play a detrimental role in T2-mediated air-
way diseases such as allergic bronchopulmonary aspergillosis
and severe asthma associated with fungal sensitivity [61].

Garro et al. (2010) and Piehler et al. (2011) demon-
strated that eosinophils contribute to the inflammatory re-
sponse to Cryptococcus neoformans infection. Using a rat
model, Garro et al. showed that eosinophils phagocytosed
the opsonized form of C. neoformans, increased the ex-
pression of MHC Class 1 and increased the production of
Thl cytokines IFN-y, TNF-«, and IL-12p40 [64]. Piehler
et al. (2011) showed that eosinophils play an immunoreg-
ulatory role in contributing to IL-4 production and modi-
fying T-helper cytokine profiles and the inflammatory re-
sponse to C. neoformans pulmonary infection in mice
[65].

Eosinophils may play a role in the response to other
fungal infections. Eosinophilia has been documented to oc-
cur during human infection due to Coccidioides immitis
[61, 64]. In human infection due to Paracoccidiodes
brasiliensis, eosinophils infiltrate lesions and deposit
MBP on the organism [61, 64]. Further study is needed to
elucidate the role of eosinophils in fungal immunity and
response to fungal infection.

Bacterial Infections

Eosinophils have been shown to interact with bacterial path-
ogens in a variety of ways. Similar to neutrophils, but less
effectively, they can engulf bacterial organisms by phagocy-
tosis [13, 66]. This has been demonstrated in vitro with
Staphylococcus aureus, Escherichia coli, and Listeria
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monocytogenes. Eosinophil granule proteins have also been
implicated in the killing of another Gram-negative bacterium,
Pseudomonas aeruginosa [67]. Eosinophil granule proteins,
ECP, EPO, and MBP, possess antibacterial properties [5, 7,
68]. Lehrer et al. (1989) showed that both ECP and MBP-1
exhibit bactericidal activity against S. aureus and E. coli
in vitro. Both proteins were able to permeabilize the inner
and outer membranes of E. coli, but ECP required the pres-
ence of nutrients to be effective [69]. High levels of ECP
decreased the number of colony-forming units by 72 % for
E. coli and almost 100 % for S. aureus [69]. ECP interacts
with artificial lipid membranes; tryptophan residues, W10 and
W35, have been associated with this interaction [7]. W35 was
found to be necessary for killing both Gram-negative and
Gram-positive bacteria [7]. Subsequent studies demonstrated
that ECP has an affinity for bacterial lipopolysaccharide and
peptidoglycan [70]. Elevated levels of serum ECP have been
associated with cases of bacterial sinusitis, tuberculosis, and
other bacterial infections [7].

EPO is also associated with bacterial killing. Perrson et al.
(2001) found that, under aerobic conditions, eosinophils con-
tributed to the rapid in vitro killing of E. coli and that this
activity was related to granule proteins, specifically EPO
[68]. In combination with EPO, eosinophil-derived reactive
oxygen species can destroy E coli [67]. This bactericidal ac-
tivity was dependent on the interaction between superoxide
generated by NADPH oxidase and EPO [69]. EPO catalyzes
the peroxidative oxidation of halides and pseudohalides in
plasma along with hydrogen peroxide to form bactericidal
hypohalous acids [5].

Interestingly, eosinophils have also been shown to pro-
duce extracellular mitochondrial DNA traps in response to
bacteria. Yousefi et al. (2008) demonstrated catapult-like
ejection of mitochondrial DNA by eosinophils in response
to bacteria such as E. coli [31, 71]. This was not related to
cell death or apoptosis. The researchers localized extracel-
lular mitochondrial DNA in association with eosinophils in
the colons of subjects with Crohn’s disease and in an indi-
vidual who had a bacterial GI infection. Both ECP and
MBP were found to be localized with the extracellular
DNA suggesting that bacterial killing was mediated by eo-
sinophil granule proteins [31, 71]. This antibacterial char-
acteristic was confirmed in vivo by studies using IL-5 trans-
genic, hypereosinophilic mice [31]. In vitro studies were
performed which showed that eosinophils required priming
by I1-5 or IFN-y followed by stimulation with lipopolysac-
charide, C5a, or eotaxin to release extracellular DNA [31].
The release of mitochondrial DNA by eosinophils was de-
pendent on the respiratory burst, the production of reactive
oxygen species. Eosinophils from individuals with chronic
granulomatous disease are deficient in NADPH oxidase
function and respiratory burst which may contribute to their
susceptibility to certain infections [32].
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Discussion

Our understanding of the role of the eosinophil in host defense
and immunity has greatly expanded over the past few decades,
yet many questions remain. Eosinophilia has long been recog-
nized as an indicator of helminth infection. Early on eosinophils
were thought to function solely as end-effector cells,
degranulating and releasing granule products to kill parasites,
but in the process causing tissue damage. The complexity of the
host-parasite relationship is becoming better recognized
through studies using eosinophil-free transgenic mouse models.
Evidence supports a more permissive role for eosinophils in the
life cycle of helminths. It has been suggested that helminths
recruit eosinophils to help repair the damage they cause in host
tissues and that eosinophils may provide protection for certain
parasites and enhance their survival. Mouse models have
helped to further our understanding, but the lack of a human
eosinophil deficiency syndrome has posed challenges.

We now know that eosinophils play a role in the host re-
sponse to infections due to viruses, fungi, and bacteria as well
as parasites. The eosinophil secretory ribonucleases, EDN and
ECP, both possess antiviral effects. In addition, eosinophils ex-
press surface and intracellular receptors such as TLRs and bind
TLR ligands [34]. Eosinophils appear to react to both environ-
mental and pathogenic fungi by a variety of mechanisms in-
cluding contact-dependent killing, release of cytotoxic granule
proteins, and production of proinflammatory mediators [61,
63]. In interactions with bacterial organisms, eosinophils are
able to phagocytose, release their granule proteins, and produce
extracellular mitochondrial DNA traps [68, 69, 71].

In their interaction with pathogens, eosinophils play a
role in both innate and adaptive immune responses. They
not only have direct effects on pathogenic organisms but
also interact with complement factors and recognize
PAMPs and DAMPs. Eosinophils communicate with, have
effects on, and are affected by other innate immune cells.
The role of the eosinophil in adaptive immunity is now
better recognized. Eosinophils can process antigen by func-
tioning as antigen-presenting cells, stimulate T cells by pro-
ducing T cell polarizing cytokines, and promote humoral
responses by interacting with B cells. It is clear that eosin-
ophils possess immunomodulatory capabilities.

Over the past several years, a hypothesis has been put forth
in an attempt to explain the increase in allergic and chronic
inflammatory disorders in the developed world. The “hygiene
hypothesis” suggests that the increased prevalence of these
disorders may be the result of dysregulation of the immune
system due to decreased exposure to microorganisms and par-
ticularly helminths. Helminths have coexisted with human
beings and our ancestors for over a million years [72]. Hel-
minths are complex multicellular organisms which have
achieved the ability to cause chronic infections by modulating
the host immune response [73-76]. Epidemiological data

suggests that helminth infections may play a protective role
in various inflammatory diseases such as allergic disorders,
asthma, inflammatory bowel disease, and multiple sclerosis,
and therapeutic applications are being investigated [77]. Giv-
en the intimate and long standing relationship between eosin-
ophils and helminths, it is likely that eosinophils are also in-
volved in this shifting epidemiology, particularly in light of
the role of eosinophils in tissue remodeling and homeostasis
and their anti-inflammatory effects [75].

Conclusions

Once thought to function solely as an end-effector cell in host
defense against helminth infections and implicated as a cause
of inflammation and tissue damage, the true role of the eosin-
ophil in human health and disease is undoubtedly much more
complex. Eosinophils possess many unique characteristics
which set them apart from other immune cells. They are able
to store preformed mediators such as cytokines and
chemokines for selective and specific release by the piecemeal
degranulation. They have numerous and unique cell surface
receptors allowing them to play a key role in immune regula-
tion. Eosinophils interact with a variety of human pathogens
including viruses, fungi, and bacteria as well as helminths.
Although they function in a defensive capacity in most cir-
cumstances, there is now evidence that eosinophils may inter-
act with helminths in a more symbiotic or collaborative fash-
ion. It may be that the role the eosinophil plays in infection is
more immunomodulatory. The research has demonstrated that
the eosinophil both responds to and regulates a wide variety of
innate and adaptive immune cells, responding to infections
and inflammation and acting to maintain homeostasis. Future
research will hopefully help to further elucidate the multitude
of roles this fascinating cell plays.
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