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Animal models of anaphylaxis
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Purpose of review

In this review we will focus on recent advances in the role of

mast cells in the pathophysiology of insect allergy and the

possible mechanisms of mast cell activation in anaphylaxis.

Recent findings

Anaphylactic reactions in the mouse can be induced by

several independent pathways involving immunoglobulin E,

immunoglobulin free light chains, or immunoglobulin G.

There is considerable evidence that mast cells play a central

role in anaphylactic reactions to insect stings. Mast cells

can be directly activated by components of insect venom or

after allergic sensitization. Of interest is the observation that

mast cells are not only effector cells in insect allergy,

but may also play a protective role in preventing the

development of severe anaphylactic responses or by

controlling inflammatory reactions by modulation of

antigen-specific T-cell responses.

Summary

The contribution of mast cells in anaphylactic responses to

insect venom may be heterogeneous. On the one hand,

activation of mast cells contributes to the pathology by the

release of bioactive and tissue-damaging mediators.

However, mast cell activation may neutralize constituents in

insect venom and defend against the adverse effects of

these toxins or they may modulate inflammation through

downregulation of antigen-specific immune responses.
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Introduction
Foods and insect stings are the most common causes

of anaphylactic reactions. To explore the mechanisms

underlying the development of allergy and to identify

new prophylactic and therapeutic intervention strategies,

animal models are being developed that mimic allergic

responses in humans. Furthermore, increasing interest

in animal models to assess the potential allergenicity of

proteins has been generated by the introduction of novel

proteins by modern biotechnology [1].

In this review, current insights into the mechanism of

anaphylactic reactions in animal models of anaphylaxis

will be discussed. We will focus on the role of mast cells in

the pathophysiology of insect allergy and the possible

mechanisms of mast cell activation in anaphylaxis.

Animal models of anaphylaxis
Stinging insects are members of the order Hymenoptera

and include bees (honeybees, bumblebees), vespids

(Vespidae family – yellow jackets, hornets, wasps), and

formicids (fire ants, Solenopsis genus). Today immu-

notherapy is the only curative treatment against these

allergies. To examine new treatment concepts, animal

models for insect venom allergy are being developed. At

present, only a limited number of animal models for

insect allergy have been described. General mechanisms

of immunization and elicitation of type I or IV hyper-

sensitivity reactions may also apply for insect allergens,

but differences compared with other allergens may also

be expected due to the specific nature of the stinging

insect venoms. At this point further research into models

for insect allergy is needed.

Winkler et al. [2] described the development of a murine

model of yellow jacket venom allergy that mimics the

natural mode of sensitization. Intraperitoneal immuniz-

ation with yellow jacket venom in BALB/c mice, with or

without the use of the adjuvant aluminum hydroxide, led

to the development of allergen-specific antibodies with

an immunoglobulin (Ig)-E-binding profile comparable to

that of wasp venom allergic human individuals. In

another model, BALB/c mice were exposed to at least

16 mosquito (Aedes aegypti) bites, twice a week for

4 weeks. Mosquito-exposed animals developed a positive

immediate wheal reaction, positive passive cutaneous

anaphylaxis response and positive delayed papule upon

exposure to mosquito antigens. Sensitization was accom-

panied by increased levels of antigen-specific IgE and

IgG1 [3]. In other models, venom components of stinging
orized reproduction of this article is prohibited.
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insects are introduced into the animals to determine their

potential to induce acute effects on immune effector cells

(e.g. mast cells) or active sensitization and production of

antigen-specific immunoglobulins [4,5].

Other models for anaphylaxis include animal models

for food allergy, which have been successfully used for

immunological research. These models have been estab-

lished in mouse [6], rat [7] and guinea pig [8]. The normal

immune response to dietary proteins is oral tolerance and

therefore animal models of food allergy require nonphy-

siological routes of allergen presentation and the use of

adjuvants to bypass this state of tolerance and to obtain

clinical responses that mimic human IgE-mediated food

allergy. The degree of sensitization is affected by several

parameters that are well described by Helm [9], including

the concentration of the antigen, the route of protein

administration, and a genetic predisposition. To obtain a

successful sensitization protocol, high-immunoglobulin

(especially IgE) responder strains are used, which

resemble atopic humans in their genetic predisposition

to respond with an overproduction of IgE to antigens.

The Brown Norway rat food allergy model is known to be

a high IgE responder strain and has been used for oral

sensitization to food proteins without the use of an

adjuvant [10]. DBA/2 mice respond with both IgE and

IgG production against cow’s milk casein by casein

feeding, indicating that these mice can be naturally

sensitized [11,12]. Alternatively, sensitization can be

achieved with the help of adjuvants, for example with

cholera toxin. Mouse models for cow’s milk allergy and

peanut allergy have been established in C3H/HeJ mice

[6,12].

An approach to determine the allergenicity of proteins

has been developed by Dearman and Kimber [13] in

BALB/c mice by intraperitoneal administration of various

food antigens (peanut agglutinin, ovalbumin and potato

protein extract). Much more robust IgE responses were

provoked by intraperitoneal administration compared

with gavage exposure of the same proteins. During the

last couple of years, nonmurine animal models in dogs

[14] and swine [15], which more closely mimic allergic

diseases in humans, have been used for investigations

involving food allergy.

Investigating the role of mast cells
Mast cells are widely distributed throughout the body

and abundant numbers can be found at strategic sites

facing the exterior, for example in skin, gastrointestinal

tract and mucosal barriers. Mast cells arise from bone

marrow progenitor cells and maturation from these pro-

genitor cells occurs in the peripheral tissues where they

ultimately reside as mature cells [16–18]. At sites of local

inflammation, the number of mast cells can increase due

to attraction of mast cell progenitors and increased growth
opyright © Lippincott Williams & Wilkins. Unautho
factor production, for example interleukin (IL)-3, 4, 9,

and stem cell factor [18–20]. The local environment

also determines the phenotype of the mast cells, result-

ing in differences in, for example, mast cell protease

expression, heparin content and responses to certain

stimuli. Mast cells resident in mucosal tissue (mucosal

mast cells; MMCs) or in connective or submucosal

layers (connective tissue mast cells; CTMCs) represent

two distinct populations with different characteristics.

Mast cells can be activated by many immunologic and

nonimmunologic triggers such IgE, IgG1, immunoglo-

bulin free light chains, anaphylatoxins, neuropeptides,

lipopolysaccharide, stem cell factor, superantigens and

many more [21�]. Activation of mast cells leads to

release of preformed mediators stored in mast cell

granules and active synthesis of lipid mediators and

cytokines. Certain stimuli such as stem cell factor

[22], substance P [23] and heat shock protein 70 [24]

can stimulate selective release of mediators from mast

cells [21�].

Different approaches can be used to study the role of

mast cells in immune effector responses. In-vitro cul-

tured primary rodent or human mast cells can be useful in

investigating the direct effects of stimulating agents on

mast cells, including mediator release, receptor expres-

sion and involved signal transduction pathways. Various

protocols have been described to culture mast cells with

MMC or CTMC-like characteristics from different cell

sources [18,20,25–30].

Human mast cells can be cultured from CD34þ progeni-

tor cells in, for example, human cord blood, peripheral

blood or buffy coats [31–34,35�]. Importantly, because

of the limited availability of primary human mast cell

cultures, most in-vitro data are derived from murine mast

cells that do not always reflect the human situation [35�].

To investigate the role of mast cells in the pathophysiol-

ogy of anaphylaxis, genetically mast cell-deficient

mice are very useful animal models. Different mouse

strains virtually devoid of mast cells in all tissues are

available. In most studies, WBB6F1-KitW/W-v mice were

used as a mast cell-deficient animal model, but one has to

be aware that these mice also have other phenotypic

alterations, including anemia, lack of fertility, and a

deficiency in melanocytes [36,37�]. Systemic or local

engraftment with primary cultured mast cells allows

specific reconstitution of the mast cell population

(to create so-called ‘mast cell knock in animals’) to

indisputably assess the role of mast cells in altered

biological responses in deficient animals. Another mast

cell-deficient strain, C57BL6-KitW-sh/W-sh, has received

increased popularity in recent years. This strain, similar

to the W/Wv mice, virtually lacks mast cells in all tissue,

but has the advantage that it is not infertile and can be
rized reproduction of this article is prohibited.
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crossed with other knockout or transgenic strains to

obtain specific genetic changes [36,37�].

Role of mast cells in insect allergy: effector or
inhibitor cell?
The role of mast cells in anaphylaxis is well established

[38]. Allergic reactions to insect stings can be estab-

lished by direct activation of mast cells by peptide/

protein components of the insect venoms such as

phosholipase A2 and mastoparan or the induction of

type I hypersensitivity responses due to the presence of

venom-specific IgE [4,5,39,40]. Patients suffering from

mastocytosis, a rare disease characterized by increased

numbers of mast cells in skin and other organs, are at

greater risk of developing severe sting anaphylaxis

[41,42].

Interestingly, in a recent study by Metz and coworkers

[43��], it was shown that mast cells can also play a

protective role in reactions to snake and bee venom.

Mast cell-deficient animals showed a much greater drop

in rectal temperature and increased mortality upon

exposure to snake and honeybee venom. Mast cells

confer this protection possibly through the release

of carboxypeptidase A, a proteolytic enzyme capable

of degrading endothelin-1 (like) proteins in the venom

[44]. It has been shown in earlier studies that mast

cells express endothelin-A (ETA) receptors and can

produce endothelin-1 upon activation. However, acti-

vated mast cells can also diminish endothelin levels

and reduce endothelin-induced pathology [44]. It

remains to be investigated whether human mast cells

can confer a similar protection against insect venoms

and whether such toxins are present in all insect

venoms.

In a murine model to study mosquito bite-induced aller-

gic itch-associated responses, no effect of mast cell

deficiency was found on itch induced after intradermal

injection of salivary gland extract of mosquitos [45].

Exposure of mice to mosquito bites, however, activates

dermal mast cells and induces a local influx of inflam-

matory cells. Mast cells were found to be responsible for

macrophage inflammatory protein-2 (MIP-2) production

in the skin and IL-10 in draining lymph nodes.

The induction of IL-10 in the lymph nodes can ulti-

mately lead to a downregulation of antigen-specific

immune responses [46�]. Indeed, mast cells have been

shown to play an essential role in the induction of

CD4þCD25þFoxp3þ regulatory T cell-dependent per-

ipheral tolerance [47��].

Role of IgE, IgG and immunoglobulin free
light chains in hypersensitivity responses
Studies in murine models have identified two distinct

pathways of systemic anaphylaxis [48]. The first is the
opyright © Lippincott Williams & Wilkins. Unauth
classical IgE-mediated hypersensitivity reaction that is

characterized by the presence of antigen-specific IgE

antibodies that can bind to FceRI receptors on cell

membranes of mast cells and basophils. Cross linking

of IgE antibodies stimulates mast cell degranulation and

release of mediators, including histamine and serotonin,

and the synthesis and secretion of platelet-activating

factor (PAF) and leukotrienes. These mediators cause

the symptoms of anaphylaxis by inducing smooth muscle

contraction and increasing vascular permeability. An

alternative pathway of murine anaphylaxis is IgE inde-

pendent. In contrast to the classical allergic reaction,

antigen-challenged mice can exhibit anaphylaxis despite

the absence of mast cells, FceRI, and IgE. Systemic

anaphylaxis is induced by antigen binding to IgGs that

cross link the low-affinity receptors for IgG (FcgRIII) on

macrophages, stimulating PAF release. Both pathways of

systemic anaphylaxis can be induced by select antigen

immunization and challenge protocols. The critical factor

that determines whether IgE-dependent anaphylaxis

is induced is the quantity of antigen-specific IgG anti-

body produced and the quantity of antigen used to

challenge immunized mice. Recently, murine studies

have demonstrated that IgG antibodies can block IgE-

dependent anaphylaxis under conditions of high IgG

antibody concentration and low allergen dose without

causing anaphylaxis through the alternative pathway

[49�]. Of note, IgG-mediated anaphylaxis has not been

demonstrated in humans, although anaphylaxis has been

described in the absence of IgE antibodies or mast cell

degranulation products. The difficulty to demonstrate

FcgRIII-mediated anaphylaxis is probably related to the

quantity of antigen and IgG antibody that are required

to trigger FcgRIII-dependent anaphylaxis [38].

In the past few years, our group [50,51] described a novel

mechanism for the elicitation of immediate hypersensi-

tivity-like reaction via immunoglobulin free light chains.

Transfer of antigen-specific immunoglobulin free light

chains into naı̈ve mice sensitized them to the respective

antigen. Local challenge of the sensitized animals with

the proper antigen resulted in the induction of mast cell

activation, leading to vascular leakage and edema for-

mation after skin challenge or acute bronchoconstriction

after intranasal challenge [50,52]. The importance of

mast cells in this response was demonstrated in mast

cell-deficient animals in which these changes were

absent, while reconstitution of the mast cell population

restored the response. The immunoglobulin free light

chain-elicited hypersensitivity responses could be inhib-

ited by local or systemic application of a specific antagon-

ist F991 [50,52,53]. Using F991 it was further shown

that immunoglobulin free light chains play a crucial role

in the induction of delayed hypersensitivity responses in

skin and airways of hapten-sensitized animals. Normal

values for human serum k free light chain range from 1.2
orized reproduction of this article is prohibited.
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to 21 mg/l and l free light chains from 3.0 to 42 mg/l,

while significant increases in serum levels of immuno-

globulin free light chains have been reported for various

diseases [51,54�]. For example, in nonatopic asthma

patients it was found that serum free light chain concen-

trations were increased compared with those in nonatopic

asthma patients [52]. Further research is needed to

evaluate whether immunoglobulin free light chains could

drive anaphylactic sting reactions in ‘nonatopic’ insect

allergy patients.

Conclusion
Anaphylactic reactions in the mouse can be induced by

several independent pathways involving IgE and mast

cells, immunoglobulin free light chains and mast cells, or

IgG and macrophages. There is considerable evidence

that mast cells play a central role in anaphylactic reactions

to insect stings. Mast cells can be directly activated by

components of insect venom or after allergic sensitiz-

ation. Specific IgE is produced in mice when exposed to

venom extracts, while the role of immunoglobulin free

light chains remains to be determined. Anaphylaxis

induced via macrophages is not likely to occur in insect

allergy because this pathway is dependent on large

quantities of allergen. Of interest is the observation that

mast cells are not only effector cells in insect allergy, but

could play a protective role by destroying endothelin-like

constituents in insect venom, thereby preventing the

development of severe anaphylactic responses. In

addition, by the release of immunosuppressive mediators,

activated mast cells could also downregulate further

immunological responses elicited by antigen-specific

T lymphocytes.

The number of available animal models to investigate

insect allergy is limited, but other models for anaphylaxis

may increase the insights into insect allergy considering

the numerous parallels with allergic reactions elicited by

other allergens.
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