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Mast cells and Ige can enhance survIval durIng 
Innate and acquIred host responses to venoMs*

STEPHEN J. GALLI, MD, and (by invitation) PHILIPP STARKL, PhD, THOMAS 
MARICHAL, DVM, PhD, and MINDY TSAI, DMS

STANFORD, CALIFORNIA

aBstract
Mast cells and immunoglobulin E (IgE) antibodies are thought to pro-

mote health by contributing to host responses to certain parasites, but 
other beneficial functions have remained obscure. Venoms provoke innate 
inflammatory responses and pathology reflecting the activities of the con-
tained toxins. Venoms also can induce allergic sensitization and develop-
ment of venom-specific IgE antibodies, which can predispose some subjects 
to exhibit anaphylaxis upon subsequent exposure to the relevant venom. 
We found that innate functions of mast cells, including degradation of 
venom toxins by mast cell–derived proteases, enhanced survival in mice 
injected with venoms from the honeybee, two species of scorpion, three 
species of poisonous snakes, or the Gila monster. We also found that mice 
injected with sub-lethal amounts of honeybee or Russell’s viper venom 
exhibited enhanced survival after subsequent challenge with potentially 
lethal amounts of that venom, and that IgE antibodies, FceRI, and prob-
ably mast cells contributed to such acquired resistance.
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IntroductIon

Allergies currently afflict 20% to 30% of people worldwide, and rep-
resent detrimental acquired immune responses against any of a large 
variety of environmental antigens (1). Such antigens (called  allergens) 
can elicit acquired type 2 immune responses which are dependent 
on CD4+ T helper type (Th)2 cells and include the production of 
 allergen-specific immunoglobulin E (IgE) antibodies (2–4). In such  
Th2 cell–associated type 2 immune responses, IgE enables antigen-
specific function of effector cells by binding to high affinity receptors 
for IgE (FceRI) on the cells’ surface (5,6). FceRI are expressed on mast 
cells, that reside in most vascularized tissues in mammals and other 
vertebrates, and on basophilic granulocytes (“basophils”), that ordi-
narily circulate in very low numbers in the blood but which can be 
recruited to sites of inflammation (3, 5–10).

When mast cell– or basophil-bound IgE antibodies recognize anti-
gens that are at least bivalent, rapid aggregation of the FceRI initiates 
complex intra-cellular signaling pathways. This ultimately results in 
the release, by such activated effector cells, of a wide variety of media-
tors with diverse biological effects (5,6,8–11). Some of these  mediators 
are stored in the cells’ cytoplasmic granules, ready for immediate 
release, including, in mast cells, histamine, heparin and other proteo-
glycans, proteases such as carboxypeptidase A3 (CPA3), tryptases and 
chymases, and some cytokines; in addition, products of arachidonic 
acid metabolism (via the cyclo-oxidase or lipoxygenase  pathways; e.g., 
prostaglandins and cysteinyl leukotrienes) and a diverse group of 
 cytokines, chemokines, and growth factors are secreted after upreg-
ulation of their transcription as a result of FceRI–dependent cell 
 activation (3,5–7,12,13). Basophils activated via FceRI aggregation 
can release a panel of mediators partially overlapping with those of 
mast cells, but, as compared to mast cells, they contain much lower 
amounts of  proteases and appear to produce fewer cytokines and 
 chemokines (8–10).

In addition to IgE and specific antigen, many stimuli can  activate 
at least some mast cell populations via innate mechanisms (i.e., 
 independently of an antigen-specific acquired immune response), 
including  products of complement activation (e.g., C3a, C5a),  products of 
 pathogens (e.g., lipopolysaccharide (LPS) and other pathogen-associated 
 molecular  patterns), certain cytokines or growth factors (including 
 interleukin 33 [IL-33] and the Kit ligand, stem cell factor), products 
of other  hematopoietic cells, certain endogenous peptides (including 
 endothelin-1 [ET-1] and vasoactive intestinal polypeptide [VIP]), and 
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components of the venoms of many different vertebrates and inver-
tebrates (10,14–18). Within or among different mammalian species, 
individual mast cell subpopulations can vary in their susceptibility to 
activation via these innate mechanisms, likely reflecting such factors 
as microenvironmentally regulated  differences in levels of expression 
of the cognate receptors (14,19). Also, various stimuli can differ in their 
ability to elicit the release of  granule-stored, lipid, or cytokine media-
tors. For example, certain peptides such as substance P can activate 
some mast cell populations to undergo extensive release of the granule-
stored mediators; however, compared to the same cells activated via 
the FceRI, such stimuli may less potently elicit release of cytokines or 
lipid mediators (14,20,21). In contrast, for at least some mast cell pop-
ulations, pathogen-associated molecular patterns are more effective 
in eliciting release of cytokines and chemokines than granule-stored 
mediators (16,17). Because mast cells or basophils participating in 
innate or adaptive immune responses may encounter simultaneously 
or sequentially several different stimuli of activation, it may be dif-
ficult to predict which mast cell– or  basophil-derived mediators will 
be released and in what amounts in these  settings, and even more 
 challenging to guess what the net effects of all such mediators might 
be during that particular biological response.

It is now generally accepted that mast cells and basophils can con-
tribute importantly to the pathology associated with allergic disorders, 
including potentially fatal anaphylaxis (3,22,23). Yet the evolutionary 
advantages which might by conferred by IgE, mast cells, and baso-
phils have been more difficult to identify. A major hypothesis about 
the potential “beneficial functions” of such allergic effector mecha-
nisms is that IgE-associated type 2 immune responses contribute to 
host defense against helminths and certain other parasites (4,24–26). 
It should be noted, however, that it has been challenging to prove that 
IgE, mast cells, or basophils dramatically influence the survival of the 
parasite-infected animals. Abnormalities in host responses to certain 
parasites have been observed in mice that genetically lack IgE (27,28), 
mast cells (29–33), or basophils (28,33), but such studies generally 
have not included an analysis of the effects of those deficiencies on 
the overall survival or reproductive success of the infected hosts. And 
some findings even suggest that, in certain settings, IgE or mast cells 
may have effects during host responses to parasites (e.g., effects which 
directly or indirectly result in increased parasite egg production) that 
may favor the parasite rather than the host (34–36). 

The complexity of the relationships between parasites and their 
hosts is not surprising given that vertebrates have been co-evolving 
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with such parasites for millions of years. Therefore, it also is not sur-
prising that, depending on the parasites and the particular setting, 
immune effector mechanisms such as IgE, mast cells, and basophils 
might be exploited by the parasites to their own advantage. For exam-
ple, one can speculate that by eliciting a type 2 immune response that 
results in IgE-dependent mast cell activation and release of vasoactive 
mediators in response to parasite antigens at sites of parasite infec-
tion, the parasite could influence local blood flow and vascular perme-
ability in ways that enhance the parasite’s nutrition.

In contrast to parasites, most allergens do not represent a direct 
threat to the non-sensitized host. This is why such type 2 immune 
responses are widely considered to be “misdirected” or “maladaptive” 
immune responses (37,38). However, in 1991, Margie Profet proposed 
a radically different idea, based in part on the observation that a com-
mon feature of most allergens is their origin from sources such as sea-
food, nuts, or venoms which either might contain toxins (e.g., foods) 
or always do (e.g., venoms) (39). Profet proposed that acute allergic 
reactions, manifested as immediately occurring symptoms in response 
to allergen exposure, such as sneezing, coughing, vomiting, and diar-
rhea, evolved as defense mechanisms allowing the sensitized host to 
respond immediately to, and to expel, neutralize, and/or avoid noxious 
substances which might be indicative of potentially life-threatening 
situations (39). Even before Profet’s 1991 paper, James Stebbings,  
Jr. hypothesized that “a major function of the immediate hypersensitiv-
ity reactions has been the protection of terrestrial vertebrates from the 
bites of, or invasion by, arthropods” (40). However, until recently (41), 
Profet’s “toxin hypothesis” was largely ignored by the scientific com-
munity; Stebbings’ paper was even more neglected (42). Over the last 
few years, my colleagues and I have been able to provide experimental 
evidence from studies in mice which supports this “toxin hypothesis” 
of allergy. 

MaterIals and Methods

Mast cell Knock-in Mice

Yukihiko Kitamura et al discovered that (WB/Re-W/+ X C57BL/6-
Wv/+)F1-“W/Wv” mice (now known as WBB6F1-KitW/KitW-v mice, since 
“W” later was shown to encode c-kit) (43,44) not only had a moder-
ate macrocytic anemia, a phenotype which had been reported decades 
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earlier, but were profoundly deficient in tissue mast cells (45). They 
also showed that mast cells developed in WBB6F1-W/Wv mice which 
had been engrafted with bone marrow cells from the (wild-type) WT lit-
termate WBB6F1-+/+ mice (45). However, the recipient W/Wv mice also 
were cured of their anemia (45), as was initially shown by Elizabeth 
Russell (46). Moreover, eventually, non-irradiated WBB6F1-W/Wv mice 
engrafted with sufficient (e.g., 1 x 107) WBB6F1-+/+ or other genetically 
compatible WT whole bone marrow cells also undergo virtually com-
plete replacement of multiple other hematopoietic lineages (including 
granulocytes and lymphocytes) with cells of donor origin (47–49).

Because transfer of WT bone marrow cells into W/Wv mice did not 
result in the selective engraftment of mast cells because of the presence 
in bone marrow cells of hematopoietic stem and progenitor cell popu-
lations, an effort was undertaken to attempt to achieve a more selec-
tive “repair” of the mast cell deficiency of W/Wv mice by transferring 
in vitro–derived, “lineage-committed” mast cells to the mice instead of 
whole bone marrow cells. This approach appeared plausible because it 
was clear that large populations of cells with features of “immature” 
mast cells could be generated in vitro from mouse hematopoietic pro-
genitor cells (50) and that such cells exhibited features of additional 
mast cell maturation when exposed to sodium butyrate in vitro (51). 
Nakano et al. showed that the transfer of WBB6F1-+/+ mouse bone 
marrow–derived cultured mast cells (BMCMCs) intravenously, intra-
peritoneally,  or intradermally into WBB6F1-W/Wv mice had no effect 
on the anemia of the recipient mice but resulted in the appearance of 
mast cells in their tissues, and that, over time, these mast cell popula-
tions came to exhibit certain phenotypic features similar to those pres-
ent in the corresponding anatomical sites in WT mice (52). 

Since that first study, many groups have used such mast cell–
engrafted or, as we refer to them in the Galli lab, “mast cell knock-in 
mice” (Figure 1), to analyze mast cell development, phenotype, hetero-
geneity, and function in vivo (14,60,61). An attractive aspect of this 
approach is that one can transfer into different genetically mast cell–
deficient recipients either WT mast cells or mast cells that have been 
genetically manipulated or that are derived from various mutant or 
transgenic mice, so that one can compare the function in vivo of mast 
cells that are normal or that lack (or have altered function of) vari-
ous receptors, signaling molecules or mediators. Moreover, Tsai et al. 
showed that one also can generate such mast cells from embryonic 
stem cells, permitting the analysis in vivo of mast cells which lack 
products which, if absent in the germ line, would result in embryonic 
or perinatal lethality (53). 
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Fig. 1. Making “mast cell knock-in mice.” (1) Mast cells can be generated from bone 
marrow cells (or other hematopoietic cells, e.g., those in the fetal liver) from wild-type mice 
or from mutant or transgenic mice with specific genetic alterations of  interest  (50–52). 
Alternatively, (2) embryonic stem (ES) cell–derived cultured mast cells  (ESCMCs) can 
be generated from wild-type or genetically altered ES cells (53,54), or (3) various mast 
cell populations can be transduced in vitro with shRNA to diminish expression of spe-
cific genes of interest (15,55). (4) Such bone marrow–, ES cell–, (or fetal liver–) derived 
cultured mast cells, or shRNA-transduced mast cells, can then be transplanted into mast 
cell–deficient c-kit mutant mice, such as WBB6F1-KitW/KitW-v mice (52,56) or C57BL/ 
6-KitW-sh/KitW-sh mice (57,58), or into C57BL/6-Cpa3-Cre;Mcl-1fl/fl mice (59) (which we in-
formally refer to as “Hello Kitty mice”, which have wild-type c-kit), to produce mast cell 
knock-in mice. Note: Mouse bone marrow–derived cultured mast cells (BMCMCs) can 
be injected into genetically mast cell-deficient mice intravenously (i.v.), intraperitone-
ally (i.p.), or intradermally (i.d.), or into the joints or meninges, etc., but there is a more 
limited experience with the engraftment of other types of MCs, such as EMCMCs, than 
with BMCMCs. (5) A suitable interval is then allowed for engraftment and phenotypic 
“maturation” of the adoptively transferred mast cells (the length of this interval can be 
varied based on the route of mast cell transfer, the anatomical site of interest, the par-
ticular biological response being analyzed, etc.). The importance of mast cell function(s) 
in biological responses can be analyzed by comparison of the responses in the appropri-
ate wild-type or littermate control mice (6), the corresponding mutant mast cell-deficient 
mice (7), and selectively mast cell–engrafted mutant mice (mast cell knock-in mice) (8). 
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In addition to using the original mast cell–deficient WBB6F1-KitW/
KitW-v mice to prepare mast cell knock-in mice, this approach also can 
be employed using C57BL/6-KitW-sh/KitW-sh mice, which have the advan-
tage of being inbred, fertile, and not anemic (57,58,62). We recently 
showed that this approach also can be pursued using C57BL/6-Cpa3-
Cre+-Mcl-1fl/fl mice, which are mast cell–deficient (and also have sub-
stantially diminished numbers and function of basophils) due to the 
lineage-restricted ablation of the anti-apoptotic factor, myeloid cell 
 leukemia 1 (Mcl-1), in lineages with sufficiently high expression of 
the Cpa3 gene (59). Because the latter mice are mast cell–deficient 
but, unlike WBB6F1-KitW/KitW-v or C57BL/6-KitW-sh/KitW-sh mice, have 
 normal c-kit, we informally call them “Hello Kitty” mice (59) (Figure 1). 

neW Models For analYZIng the FunctIons  
oF Mast cells and BasophIls

In addition to the models described above, those interested in the 
biology of mast cells, basophils, or their mediators are now fortunate 
to have a large number of additional models to choose from,  including 
other lines of mice that exhibit constitutive or inducible deficiencies 
in populations of mast cells or in basophils, or which constitutively or 
inducibly lack various mast cell mediators or other molecules (61). As 
reviewed in detail elsewhere (61,63,64), each of the various  models 
currently available has features that must be kept in mind when 
 interpreting the results of studies using such mice, and the impor-
tance of particular mast cell (or basophil) roles in individual biological 

The contributions of specific mast cell products (surface structures, signaling molecules, 
secreted products, and so on) to such biological responses can be analyzed by compar-
ing the features of the responses of interest in mast cell knock-in mice engrafted with 
wild-type mast cells versus mast cells derived from mice or ES cells that lack or express 
genetically altered forms of such products or that have been transduced with shRNA to 
silence the specific genes that encode these products. An important part of the analysis 
of the mast cell knock-in mice used in particular experiments is to assess the numbers 
and anatomic distribution, and, for certain experiments, aspects of the phenotype, of the 
adoptively-transferred mast cells, as, depending on the type of in vitro–derived mast 
cells used, the route of administration, and other factors, these may differ from those 
of the corresponding native populations of mast cells in the corresponding wild type 
mice (14,60,61). [This is a modified version of Figure 2 from Metz M, Grimbaldeston 
MA, Nakae S, et al. Mast cells in the promotion and limitation of chronic inflammation. 
Immunol Rev 2007;217:304-28 (ref. 60), reprinted with the permission of the publisher, 
John Wiley and Sons.]
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responses may vary both according to the details of the model used to 
study that biological response (e.g., whether one is studying a “weak” 
or “strong” model of that response) and based on the strain background 
of the mice. Accordingly, we have recommended that investigators 
consider using more than one type of genetic model to investigate 
the  functions and importance of mast cells (or basophils) and/or their 
 individual products in biological responses in vivo (61).

results

Identifying a Beneficial role for Mast cells in enhancing 
 Innate resistance to venoms

Early work by Higginbotham et al suggested that mast cells might 
be able to diminish the toxicity of certain venoms by degranulating and 
releasing heparin in response to venom exposure (65,66). However, this 
work was conducted before the description of mice deficient in mast 
cells or their individual mediators, so the importance of the roles of 
mast cells and their products in innate resistance to venoms could not 
be investigated more definitively in vivo. One step in that direction was 
the finding that ET-1 can initiate a homeostatic mechanism whereby 
proteases released by mast cells activated by ET-1 can degrade that 
vasoactive peptide and thereby diminish its potential toxicity in vivo 
(54). Using mast cell knock-in C57BL/6-KitW-sh/KitW-sh mice engrafted 
with ETA receptor-deficient or WT mast cells derived in vitro from ETA

-/-  
or ETA

-/+ embryonic stem cells, Maurer et al. found that mast cell 
 activation by ET-1 via the ETA receptor contributed to this effect (54). 

A homology search revealed that ET-1 was structurally similar to 
sarafotoxin 6b, one of the major toxins in the venom of the Israeli mole 
viper (Atractaspis engaddensis) (67). Sarafotoxin 6b can induce activa-
tion of cells in envenomated animals by binding to endothelin receptors 
(68). Metz et al. showed that mast cells not only diminished the  toxicity 
of sarafotoxin 6b and enhanced the survival of mice injected with that 
peptide, but also did so in mice injected with the whole venom of A. 
engaddensis (15). Testing the ability of mast cells to influence responses 
to whole venoms is important, since snakes (and arthropods) do not 
envenomate their prey with a single toxin but with a complex mixture 
of toxins that can induce pathology by different mechanisms (69). Our 
initial pharmacological studies suggested that chymase was the criti-
cal mast cell protease in this setting (54). However, later work by our 
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group, using both pharmacological approaches and shRNA knock down 
of CPA3 in adoptively transferred mast cells (15), as well as elegant 
studies by Schneider et al., who exploited a mouse they created which 
expressed only a catalytically inactive CPA3 (70), indicated that CPA3 
is the key mast cell–derived protease that detoxifies both ET-1 and 
sarafotoxin 6b. Using mast cell knock-in mice, Metz et al. also  provided 
evidence that mast cells were important in substantially enhancing 
the innate resistance of mice to honeybee (Apis mellifera) venom and 
to the venoms of two North American pit vipers, the western dia-
mondback rattlesnake (Crotalus atrox) and the southern copperhead 
 (Agkistrodon contortrix contortrix) (15).

A project led by Mitsuteru Akahoshi and Chang Ho Song then ana-
lyzed whether mast cells might enhance innate resistance to another 
pair of biologically active peptides, the endogenous mammalian pep-
tide VIP and the structurally similar peptide helodermin (also known 
as exendin-2), which is one of the toxins present in the venom of the 
Gila monster (Heloderma suspectum) (18). Testing of both mast cell 
knock-in mice (including C57BL/6-KitW-sh/KitW-sh mice engrafted with 
WT versus chymase [mMCP4]–deficient mast cells) (Figures 2A and 
2B) and mice which had mast cells but were genetically deficient in 
mMCP4 (71) or CPA3 (70) or produced a catalytically inactive CPA3 
(70) (Figure 2C), showed that mast cells could diminish the toxicity of 
VIP, helodermin, and the whole venom of H. suspectum, and that this 
was largely or wholly dependent on mast cell–derived mMCP4 rather 
than CPA3 (18). Similar approaches were used to provide evidence that 
mast cells and mMCP4 can contribute to enhanced innate resistance of 
mice to the venoms of two scorpions, one from the old world, the Death-
stalker (Leiurus quiquestriatus hebraeus), and one from the new world, 
the Arizona bark scorpion (Centruroides exilicauda) (18). 

It is possible that future work will reveal that mast cell activation 
can increase rather than decrease the toxicity of some types of venoms. 
However, our initial evidence indicated that mast cells can increase 
the innate resistance and enhance the survival of mice upon their first 
exposure to the venoms of 3 species of poisonous snakes, the Gila mon-
ster, the honeybee, or two especially dangerous scorpions. Moreover, 
mast cells contain at least two different proteases, CPA3 and chymase 
(mMCP4), which permit mast cells to respond, after their activation via 
cognate receptors that can bind either the endogenous or the structur-
ally similar reptile-derived peptides, to high and potentially toxic levels 
of ET-1 and VIP, respectively, as well as to high levels of the similar 
 peptides contained in the reptile venoms (Israeli mole viper  sarafotoxin 
6b and Gila monster helodermin, respectively) (Figure 3). By undergoing 
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Fig. 2. Mast cells can diminish Heloderma suspectum venom (H.s.v.)–induced hypo-
thermia and mortality through mast cell protease 4–dependent mechanisms. Changes 
in rectal temperatures after intradermal injection of H.s.v. (25 mg in 20 ml Dulbecco 
Modified Eagle Medium [DMEM] solution) into the ear pinnae (one ear pinna of each 
mouse) of: (A) wild-type (WT) WBB6F1-Kit+/+, mast cell-deficient WBB6F1-KitW/W-v, and 
WT BMCMCs→KitW/W-v mice (i.e., WBB6F1-KitW/W-v mice which had been engrafted, 6 to 
8 weeks before venom challenge, in one ear pinna with 2 million bone marrow–derived 
cultured mast cells (BMCMCs) derived from WT WBB6F1-Kit+/+ mice) (the death rates 
of Kit+/+, WT BMCMCs→KitW /W-v, and KitW /W-v mice within 24 hours after H.s.v. injection 
were 0% [0/21], 7% [1/15, P = 0.42 vs. Kit+/+ mice], and 65% [13/20, P <0.0001 vs. Kit+/+ 
mice], respectively); (B) WT C57BL/6-Kit+/+, mast cell–deficient C57BL/6-KitW-sh/W-sh, WT 
BMCMCs→KitW-sh/W-sh, and Mcpt4-/- BMCMCs→KitW-sh/W-sh mice (the death rates of Kit+/+, 
WT BMCMCs→KitW-sh/W-sh, Mcpt4-/- BMCMCs→KitW-sh/W-sh, and KitW-sh/W-sh mice within 
24 hours after H.s.v. injection were 5% [1/19], 11% [2/18, P = 0.48 vs. Kit+/+ mice], 43% 
[6/14, P = 0.01 vs. Kit+/+ mice], and 50% [10/20, P = 0.006 vs. Kit+/+ mice], respectively); 
or (C) WT C57BL/6-Kit+/+ mice, C57BL/6-Cpa3Y356L,E378A mice (which have a catalytically 
inactive CPA3) and C57BL/6-Mcpt4-/- mice (the death rates of Kit+/+, Cpa3Y356L,E378A, and 
Mcpt4-/- mice within 24 hours after H.s.v. injection were 7% [1/15], 0% [0/14, P = 0.52 
vs. Kit+/+ mice], 40% [6/15, P = 0.007 vs. Kit+/+ mice], respectively). Each figure shows 
data pooled from at least three independent experiments with each group of mice  
(n = 2-5 mice per group per each individual experiment). **P <0.01, ***P <0.001 versus 
WT WBB6F1-Kit+/+ or WT C57BL/6-Kit+/+ mice; †P <0.01~0.001 versus each other group 
(A–C). (D) Extensive degranulation of mast cells (some indicated by closed arrowheads)  
1 hour after intradermal injection of H.s.v. (25 mg in 20 ml DMEM), but not vehicle (DMEM) 
alone (mast cells without evidence of degranulation are indicated by open  arrowheads) 
in WT C57BL/6 mice (Toluidine blue stain; scale bar: 50 µm). (E)  Degranulation of mast 
cells 60 minutes after intradermal injection of H.s.v. (25 mg in 20 ml DMEM) or vehicle 
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degranulation and releasing proteases that can inactivate potentially 
toxic endogenous peptides or peptides in venoms, mast cells can help to 
restore homeostasis, albeit while also enhancing features of the ensu-
ing local and perhaps systemic inflammatory responses.

Depending on the mammalian species, mast cells can contain sev-
eral tryptases and chymases of distinct substrate specificity, as well as 
CPA3 (13,61,72). This raises the possibility that one of the reasons that 
the mast cells of various species contain several different proteases in 
their cytoplasmic granules is so that these cells, which are positioned in 
large numbers in the skin, the most common site of envenomation, are 
equipped to release a panel of proteases with the potential to degrade 
a variety of structurally distinct toxic compounds contained in animal 
venoms. Mast cells might also contribute to innate resistance to venoms 
in other ways, such as by increasing local vascular permeability and 
thereby favoring the interstitial access of circulating molecules that can 
antagonize the effects of venom proteases (73) and other toxins.

Ige antibodies can contribute to host defense against 
 arthropod and reptile venoms

Many animals and some humans experience multiple episodes of 
envenomation by arthropods such as bees, wasps, and scorpions, or 
by various reptiles. Such envenomation not only provokes an innate 
inflammatory response and pathology related to the biological activi-
ties of the venoms’ toxins (74–76), but also can induce allergic sen-
sitization associated with the development of specific IgE antibodies 
that recognize components of the venoms (77–82). In some unfortunate 
people, such IgE responses to venoms put these individuals at risk to 
develop potentially fatal episodes of anaphylaxis (3,7,23,82). But recent 
findings suggest, in accord with Profet’s “toxin hypothesis of allergy,” 
that this same “allergic” mechanism — involving IgE and mast cells — 
also can enhance host resistance to venoms.

Honeybee (Apis mellifera) venom consists of a mixture of cytolytic pep-
tides (e.g., melittin), enzymes (e.g., phospholipase A2 [PLA2; considered 

(DMEM) alone in WT C57BL/6, Mcpt4-/-, or Cpa3Y356L,E378A mice  (injection was into one ear 
pinna of each mouse). ***P <0.001 versus corresponding vehicle-injected groups; NS =  
not  significant (P >0.05) versus values for WT mice. [This is a reproduction of Figure 1 
from Akahoshi M, Song CH, Piliponsky AM, et al. Mast cell chymase reduces the  toxicity 
of Gila  monster venom, scorpion venom, and vasoactive intestinal polypeptide in mice. 
J Clin Invest 2011;121:4180-91 (reference 18), reprinted with the permission of the 
 publisher, the American Society for Clinical Investigation.] 
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(mCPA3)

Mast cell protease 4
(mMCP4)
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Potentially 
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(See Ref. 15)
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(endothelin-1)

(See Refs. 15, 54 & 70)
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(vasoactive intestinal 

polypeptide)
(See Ref. 18)
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(See Refs. 15 & 70)

Helodermin
(See Ref. 18)
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(See Ref. 18)

Fig. 3. Mast cells can enhance innate resistance to high levels of endogenous  peptides 
and structurally similar peptides in reptile venoms. Mast cell cytoplasmic granules 
contain proteases such as carboxypeptidase A3 (CPA3 [mCPA3 = mouse CPA3]) and 
mast cell protease 4 (MCP4 [mMCP4 = mouse MCP4]) that, upon secretion by  activated 
mast cells, can degrade certain endogenous peptides, such as endothelin-1 (ET-1)  
and  vasoactive intestinal polypeptide (VIP), respectively, as well as structurally similar 
 peptides contained in the venoms of poisonous reptiles, such as sarafotoxin 6b in the 
venom of the Israeli mole viper (Atractaspis engaddensis) and helodermin in the venom 
of the Gila monster (Heloderma suspectum). The ability of mast cells to be activated to 
degranulate by components of venoms such as these, which can act at the same receptors 
which recognize the corresponding structurally similar endogenous peptides, permits 
mast cells to release proteases that can reduce the toxicity of these peptides and which 
help to enhance the survival of mice injected with the whole venoms of these reptiles, 
that contain many toxins in addition to sarafotoxin 6b and helodermin. This mechanism 
may also permit mast cells to restore homeostasis in settings associated with markedly  
increased levels of the endogenous peptides. [This is a reproduction, in modified form, of 
Figure 4 from Galli SJ. Rous-Whipple Award Lecture. The mast cell-IgE paradox: from 
homeostasis to anaphylaxis. Am J Pathol 2016;186:212-24 (reference 42), reprinted with 
the permission of the publisher, Elsevier, for the American Society for Investigative 
 Pathology.] 
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the main allergen in bee venom]), hyaluronidase, neurotoxins, and bio-
active amines (74), and accounts for a large fraction of venom allergies 
in humans (82). The venom of the Russell’s viper (Daboia russelii), one 
of the most dangerous snakes in the Indian subcontinent (83), is a com-
plex mixture of growth factors and enzymes with pro-coagulant and 
neurotoxic activities (76). We found that, in mice, IgE-associated type 
2 immune responses against honeybee venom or Russell’s viper venom 
(RVV) were able to increase significantly host resistance to challenge 
with potentially lethal doses of those venoms (84). 

This was unexpected because both IgE and immunoglobulin G1 (IgG1) 
antibodies produced during type 2 immune responses can orchestrate 
anaphylaxis and other allergic reactions in mice (7,23,85,86) and because 
type 2 immune responses against venoms (that include the development 
of anti-venom IgG1 [in mice] and IgE antibodies) are  classically thought 
to exacerbate the outcome of subsequent venom exposure (77–82,87).  
By contrast, immunoglobulin G (IgG) class  antibodies raised against 
animal venoms (or the Fab fragments of such anti-venom antibodies) 
are used to treat envenomated humans or animals (88).

So, it was important to identify which antibodies contributed to the 
enhanced resistance to honeybee venom observed in mice with type 2  
immune responses to that venom. Our evidence showed that IgE 
 antibodies were the critical elements of the acquired host resistance 
to honeybee or RVV. We found that 1) most or all of the acquired resis-
tance induced in mice by a single exposure to honeybee venom was 
transferable to naïve mice with only 250 µl of serum from honeybee 
venom–immunized mice; 2) when such “immune serum” was depleted 
of functionally active IgE either by adding a neutralizing antibody to 
IgE (35,89) or by heating (56o C, 1 hour, which eliminates the  ability 
of IgE to bind to FceRI and induce passive cutaneous anaphylaxis [90] 
while the function of other antibody classes, including IgG1, is not 
affected) (91), the immune serum’s ability to transfer enhanced resis-
tance to naïve mice was essentially lost; and 3) such immune serum 
failed to transfer enhanced venom resistance to mice lacking either the 
IgE antibody-binding a chain of the FceRI or the g chain of FceRI that 
is necessary for signaling initiated by aggregation of the receptor (5,6). 

We also found that 1) genetically IgE-deficient mice (85) could not 
develop acquired immunity to honeybee venom, even though they devel-
oped a robust IgG1 antibody response to the venom; 2) immune serum 
from WT mice could passively transfer enhanced resistance to hon-
eybee venom to naïve IgE-deficient mice, unless such immune serum 
was first treated to neutralize IgE or impair its ability to bind to FceRI; 
and 3) naïve genetically mast cell–deficient C57BL/6-KitW-sh/KitW-sh or 
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C57BL/6-Cpa3-Cre+-Mcl-1fl/fl mice which received immune serum from 
honeybee venom–immunized C57BL/6 WT mice actually exhibited 
worse survival after challenge with a high dose of honeybee venom 
than did mast cell–deficient mice which had received serum from 
phosphate-buffered saline (PBS) mock-immunized C57BL/6 WT mice 
(84). The latter finding suggested that mast cells can contribute to IgE-
mediated acquired resistance to honeybee venom, as well as enhance 
the innate resistance of mice to a first exposure to that venom (15). 
Independently of our work, Palm et al. showed that mice immunized 
with the major allergen contained in honeybee venom, bee venom phos-
pholipase A2 (bvPLA2), exhibited enhanced resistance to the ability of 
bvPLA2 to induce hypothermia upon its injection into mice, and pro-
vided evidence that this enhanced immunity required B cells and was 
diminished significantly in mice which lacked the IgE-binding a chain 
of the FceRI (92). Taken together, these two initial studies (85,92) sup-
port the hypothesis that one physiological function of IgE is to protect 
the host against noxious substances.

Subsequently, we found that the acquired enhanced resistance to 
RVV which we observed in mice that had developed type 2 immune 
responses to that venom (84) also was highly dependent on IgE  
(Figure 4) and FceRI (see Figures 4A-4E in ref. 93), and could be effec-
tively transferred by immune serum into normal mice (see Figures 
3F-3J in ref. 93) but not into C57BL/6-Cpa3-Cre;Mcl-1fl/fl mice which 
were genetically markedly deficient in mast cells and which also had 
diminished numbers of basophils (see Figures 4G and 4H in Starkl 
et  al.) (93). Notably, two different types of genetically mast cell– 
deficient mice also exhibited significantly diminished innate resistance 
to the toxicity and lethality of RVV (see Figures 6A-6C and 6E and 6F 
in Starkl et al.) (93), supporting Higginbotham’s hypothesis that mast 
cells can contribute to enhanced innate resistance to this venom (65). 
Compared to the corresponding mast cell–sufficient mice, such naïve 
mast cell–deficient mice also exhibited many fewer attempts to scratch 
sites of RVV injection (see Figures 6D and 6G in Starkl) (93). The latter 
finding supports the idea proposed both by Stebbings (40) and Profet 
(39) that elements of allergic responses, in this case, mast cells, can 
confer benefit to hosts experiencing attacks by arthropods (40) or other 
sources of toxins (39) by having effects which permit the host to become 
aware of the threat and which also prompt behaviors that would help 
to eliminate it. 

As noted above, Palm et al. reported that immunization of mice with 
honeybee venom–derived bvPLA2, which represents approximately 
10% of the dry weight of whole BV (74), can reduce the toxicity-related 
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Fig. 4. Evidence that immunoglobulin E (IgE) antibodies contribute to acquired 
 enhanced resistance to the toxicity and lethality of Russell’s viper venom (RVV).  
(A) Outline of experiments with IgE-deficient (Igh-7-/-) and control (Igh-7+/+) C57BL/6 
mice (B-E). (B,C) Serum RVV-specific immunoglobulin G1 (IgG1) (B) and total IgE (C). (D) 
Body  temperature. (E) Survival. (F) Outline of serum transfer experiments in C57BL/6 
mice (G–J). (G) Serum RVV-specific IgG1. (H) Serum total IgE. (I) Body  temperature. 
(J)  Survival. Data were pooled from three to four experiments (n = 9-25/group).  
P  values: Mann- Whitney test (B, C, G, H), Student t test (D, I) and Mantel-Cox test (E, J). 
 Abbreviation: PBS, phosphate-buffered saline. [This is a reproduction of Figure 3 from 
Starkl P,   Marichal T, Gaudenzio et al. IgE antibodies, FceRIa and IgE-mediated local 
anaphylaxis can limit snake venom toxicity. J Allergy Clin Immunol 2016;137:246-57.
e11.  (reference 93),  reprinted with the permission of the publisher, Elsevier.]
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hypothermia induced by subsequent challenge with a high dose of the 
same allergen in an antibody- and FcεRIa-dependent manner (92). How-
ever, it was not clear whether an IgE response to a single constituent 
of an animal venom would be able to enhance resistance to the entire 
group of toxins contained in that venom. To investigate this, we passively 
sensitized WT mice locally against dinitrophenylated human serum albu-
min (DNP-HSA) by subcutaneous injections of anti-DNP IgE (94) (or with 
anti-DNP IgG1 or IgG2b as controls), or mock-sensitized the mice with 
saline, then challenged the animals subcutaneously at the same site 24 
hours later by injecting a mixture of RVV and DNP-HSA (Figure 5A). We 
used amounts of anti-DNP IgE and DNP-HSA which were able to induce 
a local increase in vascular permeability at the DNP-HSA injection site 
without resulting in systemic hypothermia, and showed that the amount 
of DNP-HSA used did not by itself influence the toxicity of RVV (see Fig-
ure E5 in the Online Repository of Starkl et al.) (93). 

We found that pre-sensitization with anti-DNP IgE significantly 
increased the resistance of C57BL/6 (Figures 5B and 5C) or BALB/c 
(see Figures E5 and 5H-5I in the online repository of Starkl et al.) (93) 
mice to challenge with a potentially lethal amount of RVV admixed 
with DNP-HSA (93). However, pre-sensitization of C57BL/6 mice with 
anti-DNP IgG1 or IgG2b, DNP-specific IgG isotypes with the capacity to 
activate effector cells via Fcg receptors (95), not only failed to increase 
protection but also resulted in increased hypothermia at early time 
points compared to vehicle-treated or IgE-sensitized mice (Figure 
5B) (93). These findings show that local tissue responses mediated by 
IgE and antigen can enhance host resistance against RVV even when 
that antigen is not a native constituent of the venom, and are con-
sistent with the general idea that the host needs only to generate an 
IgE response against a limited number of the components of a com-
plex venom (perhaps as few as one component) to manifest enhanced 
acquired resistance to that venom.

conclusIons

Tissue resident cells with morphological, biochemical, and functional 
properties of mammalian mast cells, and which can produce hista-
mine, heparin, and serine proteases, are present in tunicates, whose 
ancestors appeared in evolution before the development of adaptive 
immunity (96,97). Such tunicates also have been reported to have cells 
resembling basophils (98). After the appearance of acquired immu-
nity and the development of antibodies, these ancient hematopoietic 
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 lineages acquired the ability to bind immunoglobulins such as IgE  
(in mammals) to their surface. This allowed such tissue-resident cells to 
become “immunologically primed” or “sensitized” to undergo  activation 
for mediator release upon encountering relatively small amounts of 
the antigen identified by their surface-bound IgE antibodies. The most 
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extreme example of an IgE-associated immune response  resulting in 
the activation of mast cells (and basophils) is fatal anaphylaxis, in 
which the rapid, systemic, and extensive release of mediators stored  
in these FceRI-bearing effector cells results in a catastrophic and 
quickly lethal outcome.

Observational and epidemiological studies in humans, as well as 
studies in experimental animals (including those using mice geneti-
cally deficient in mast cells, basophils, or IgE), strongly suggest that 
one beneficial role of IgE, mast cells, and basophils is to help to defend 
the host against ectoparasites such as ticks, and to diminish the 
 numbers of parasites and burden of disease in mammals infected with 
certain helminths [reviewed in Mukai et al (99)]. However, in addition 
to being infected with parasites, vertebrates also have been subjected 
to  evolutionary pressure through millions of years of co-evolution with 
venomous arthropods, reptiles, and other species. Evidence from stud-
ies in mice indicates that mast cells can enhance innate resistance of 
mice to four species of poisonous snakes, the Gila monster, 2 species of 
scorpions, and the honeybee; and that mast cell proteases  (specifically, 
CPA3 and the chymase MCP4) can contribute to such mast  cell– 
dependent innate defenses by degrading toxins present in some of 
these venoms. Moreover, type 2 immune responses induced by a single 
exposure to honeybee venom or RVV, which “arm” mast cells with IgE 
antibodies that bear specificity for components of those venoms, can 
significantly increase the survival of such mice to challenge with doses 
of the venoms which would be lethal in naïve mice (84). 

This evidence supports the notion (39,40,41) that key elements of 
allergic reactivity, including mast cells and IgE, indeed can importantly 
enhance innate and acquired host resistance to venoms. Yet much work 
remains to be done to answer several related, but  unresolved, questions. 
These include: 1) In addition to releasing proteases, are there other 
mechanisms by which mast cells can contribute to enhanced resistance 
to venoms during innate or acquired immune responses [e.g., ex vivo 
studies indicate that mast cell-derived heparin, that is highly anionic, 
can bind and thereby reduce the toxicity of cationic  toxins in RVV  
(65)]; 2) In what ways do venoms induce Th2 cell and IgE responses (for 
 honeybee venom, this appears to involve a pathway by which products of 
bvPLA2 acting on host lipid membranes induce IL-33 production, which 
in turn can activate ILC2 cells to release  cytokines that drive IgE pro-
duction (92); 3) During vertebrate evolution, what has been the relative 
importance of exposure to  ectoparasites (and the pathogens for which 
they serve as vectors), infection with helminths and other  parasites, and 
interactions with venomous animals in shaping the  features, function 

BK-ACC-ACCA_2017-170020-Galli.indd   210 04/05/17   10:44 AM



“Allergic” defenses AgAinst venoms 211

and immunological roles of mast cells, basophils, and IgE? (99); 4) Given 
that mast cells and basophils cooperate to enhance acquired resistance 
to the feeding of certain ticks, and that the hematophagous fluids pro-
duced by tick salivary glands can contain peptides similar to those 
in venoms (100), is there a role for basophils in  enhancing resistance 
to some venoms?; and 5) Why do some subjects develop such severe 
 IgE-dependent reactivity to venom that they are at risk for fatal ana-
phylaxis (an outcome far from a  protective immune response)?

Our initial findings indicate that, in mice, the propensity to develop 
protective versus potentially harmful type 2 immune responses to 
venoms can depend on the genetic background of the animal, the type 
and amount of venom to which the animal is exposed, and/or the fre-
quency of such venom exposures (93). But this is only the beginning of 
addressing this important issue. In considering this question, it should 
be noted that many people who develop type 2 immune responses to 
honeybee venom do not exhibit anaphylactic reactivity despite having 
venom-specific IgE antibodies (101). Also, there is abundant evidence 
that Th2 cell–mediated responses are subject to immune regulation 
which can diminish pathology related to IgE-dependent reactivity to 
the inducing antigen, including honeybee venom (102–104). One might 
speculate that such immune regulation of type 2 immune responses 
ideally would reduce the pathology associated with these responses 
while preserving their ability to confer enhanced protection when the 
elicited antigen is a toxin. 
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dIscussIon
Billings, Baton rouge: As you probably are aware, one of our eminent members, 

who is not here, is Craig Kitchens from Gainesville and he is a highly trained clotting 
doctor and does a lot of his work with venom. And he is somewhat the Jay Leno of our 
association. So as I was listening to your paper I was thinking my wife Susan and I have 
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a camp which is 50 miles away from Baton Rouge in the southernmost part of Missis-
sippi where pit vipers are not uncommon. I have 8 grandchildren between the ages of  
7 months and 10 years and there are large timber rattlers there and I’m curious to know 
whether I should keep available CroFab® as an agent to use should one of my short 
people get bitten. The nearest emergency room, which is a small town emergency room, 
is about 15 minutes away and they do have CroFab® there. 

galli, stanford: Okay, that’s a very good question....in fact, I just saw a recent re-
port that the incidence of pit viper bites among children is increasing in the United 
States. Having said that, number 1, over the United States in any given year, there are 
usually less than 10 fatalities related to snake bites. Number 2, one has to determine 
which snake bite victims need to be treated with CroFab®. CroFab® consists of the Fab 
fragments derived from a mixture of 4 separate monospecific IgG antibodies. However, 
the company states that that these antibody Fab fragments have substantial clinical 
effectiveness when used to treat envenomation by many types of rattlesnakes, cotton-
mouths/water moccasins, and copperheads. While CroFab® thus can be effective in those 
envenomated by a variety of different pit vipers, a consensus document recommends 
that it be withheld unless the bite has induced swelling that is “more than minimal” 
and is progressing, or there is an elevated prothrombin time, decreased fibrinogen and 
decreased platelets, or there are any systemic signs [Lavonas EJ, Ruha A-M, Banner 
W, et al. Unified treatment algorithm for the management of crotaline snakebite in the 
United States: results of an evidence-informed consensus workshop. BMC Emergency 
Medicine 2011;11:2 http://www.biomedcentral.com/1471-227X/11/2.] This is because, as 
I mentioned, sometimes when venomous snakes bite, they actually deliver little or no 
venom. We don’t know where in its tiny brain this information has been processed, but 
it is thought that the snake in some way knows it can’t swallow and consume a human, 
even a child, and so they may “decide not to waste” their venom in fending off such a 
perceived (inedible) threat. So usually, in the emergency room, bitten subjects with mini-
mal or no signs and symptoms related to the bite will be carefully observed over several 
hours and if the bite is considered to have been “dry” (i.e., no venom was injected) or only 
mild signs and symptoms have developed, the patient won’t receive CroFab®. One reason 
not to use it in subjects with relatively mild envenomation is that a small proportion of 
subjects develop anaphylactoid reactions upon the first administration of the agent, and 
some subjects, after receiving CroFab®, will develop IgE antibodies to the foreign Fab 
fragments. This of course would put such “sensitized” individuals at risk to develop a 
serious anaphylactic reaction if they needed to receive the agent again. In a worst case, 
such subjects might even succumb to anaphylaxis induced by the treatment rather than 
to the toxic effects of the venom alone. Also, CroFab® is rather expensive. So, for these 
reasons, the consensus document recommends that CroFab® be administered only in 
cases of substantial envenomation. In addition, should an anaphylactoid or anaphylactic 
reaction develop upon injection of CroFab®, that complication would be managed more 
effectively in the ER than in the field. I am a pathologist and have not directly cared 
for people bitten by venomous snakes. However, because of the considerations noted, 
including the possibility of needing to treat an anaphylactoid or anaphylactic reaction to 
CroFab®, I think that transporting a snake bite victim to the emergency room generally 
is the better approach rather than attempting to treat the person in the field; and in any 
event, before administering CroFab®, one first should determine whether the bite has 
resulted in clinical evidence of substantial envenomation.

Billings, Baton rouge: It’s my understanding that CroFab® is a sheep-based anti-
body whereas previously antibodies were from horse serum.... right down the road about 
2 weeks ago a rattle snake bit a neighbor’s dog and the neighbor had CroFab® right there 
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and gave it to his dog within 5 minutes and the dog died in 20 minutes.... the dog is the 
size of a grandchild. 

galli, stanford: You are correct that CroFab® is a mixture of Fab fragments derived 
from sheep IgG antibodies. If the dog had previously been treated with CroFab®, it is pos-
sible that CroFab®–induced anaphylaxis contributed to its death. Was that the first time 
the dog got the anti-venom? [Billings, Baton rouge: It was...yes.]

galli, stanford: Your questions prompt me to make another point related to the role 
of mast cells and IgE in enhancing innate and acquired resistance to venom. These are 
not the only mechanisms that can increase host resistance to venoms — because of the 
long period of coevolution of venomous reptiles with their prey (and also with preda-
tors that eat poisonous snakes), many mechanisms of enhanced resistance to venom 
components have developed. For example, the Virginia opossum is a predator of cop-
perheads; they seek out, attack, and eat them. Opossums apparently show no behavioral 
adaptations to avoid being bitten, and they are often bitten. However, work by Sharon 
Jansa and Robert Voss provided evidence of rapid evolution of von Willebrand factor 
(vWF) in opossums that prey on pit vipers [Jansa SA, Voss RS. Adaptive evolution of the 
venom-targeted vWF protein in opossums that eat pitvipers. PLoS ONE 2011;6: e20997. 
doi:10.1371/journal.pone.0020997]. Specifically, such opossums have mutations in vWF 
that make it less able to bind botrocetin, a C-type lectin-like protein found in the venom 
of the South American pit viper, Bothrops jararaca. This reduces the toxicity of botroce-
tin, which contributes to bleeding by binding with the A1 domain of vWF and enhanc-
ing its affinity for platelet glycoprotein Ibα, thereby inducing platelet aggregation and 
thrombocytopenia. Such C-type lectin-like proteins are found in the venoms of many pit 
vipers, including the copperhead. This is just one example of many different mechanisms 
which have been identified that can enhance host resistance to the toxicity of compo-
nents of various venoms.

Metcalfe, Bethesda: It’s good to see another mast cell lecture after 3 years here. So 
there aren’t mast cell–deficient humans [galli, stanford: There may have been one but 
it’s very rare.] So, is there any clinical evidence to suggest mast cell activation after a 
venom bite? In other words, elevated typtase or chymase or any of these things that may 
or may not have a role in the defense against a particular venom?

galli, stanford: You mean is there evidence of mast cell activation after envenom-
ation? [Metcalf, Bethesda: Correct.] Well I am not aware that it’s been proven through 
laboratory tests in envenomated people, such as the detection of elevated levels of trypt-
ase in the person’s blood. However, we and others have documented that many venoms 
can induce extensive mast cell degranulation in vivo in mice and other mammals, espe-
cially at the site of envenomation. Many venoms also can induce mast cell degranulation 
in vitro. So, I think that it is very likely that many venoms can induce mast cell degranu-
lation in humans in vivo, either directly or indirectly, for example. via the activation of 
complement and the generation of anaphylatoxins such as C3a and C5a. [note added 
in proof by galli, stanford: Statistically significant elevations in plasma levels of 
mast cell–derived tryptase have been reported in patients who had been envenomated 
by the Russell’s viper (vs. levels in healthy control subjects) and who were tested be-
fore administration of a horse-serum derived anti-venom, but the levels remained in 
the high end of the normal range; these envenomated subjects also exhibited marked 
elevation in blood levels of C3a and C5a, which can induce degranulation of human mast 
cells. However, mast cell tryptase levels increased further after anti-venom treatment, 
especially in those whose post-anti-venom reactions met the criteria of anaphylaxis 
[Stone SF, Isbister GK, Shahmy S, et al. Immune response to snake envenoming and 
treatment with  antivenom; complement activation, cytokine production and mast cell  
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degranulation. PLoS Negl Trop Dis. 2013;7:e2326. doi: 10.1371/journal.pntd.0002326]. 
In this context, one might ask: if mast cells already have the innate ability to release 
 proteases in response to venom, why go through the trouble of generating an IgE re-
sponse to the venom? We showed that mouse mast cells that bear on their surface IgE 
which  recognizes bee venom components degranulated in vitro in response to a 100-fold 
lower concentration of bee venom than the amount needed to induce mast cell degranu-
lation by  innate,  IgE-independent, mechanisms. So, we think that one of the reasons 
mammals have evolved the ability to produce an IgE response to venoms is that this 
permits mast cells to undergo activation, including the release of proteases which can 
reduce the toxicity of venom components, when they are exposed to relatively low con-
centrations of the venom. Such low concentrations of venom would occur, for example, 
at sites distant from the site of envenomation, as a result of the distribution of venom 
components via the  circulation. So, if one of the main jobs of mast cells in the host re-
sponse to venoms is rapidly to release proteases which degrade the venom components, 
then this could  happen more quickly and would more likely become a systemic response 
if the envenomated animal has, bound to the surface of its mast cells, IgE that recognizes 
components of the venom.

sacher, cincinnati:  I was originally born and raised in South Africa; of course, we 
have a lot of snakes there and we were always told that the clinical features of the snake 
envenomations were either cytotoxic, in other words locally hematotoxic, hemolytic, or 
neuro-toxic. Now I realize of course you’ve shown that there are different distributional 
functions of the mast cells but is there any correlation between those clinical spectra and 
perhaps mast cell activation? 

galli, stanford: I am not sure about the relationship of mast cell activation to the 
clinical spectra observed in those envenomated by snakes with mainly hemolytic vs. 
neurotoxic venoms, but your question raises the general point of the potential role of 
mast cells in host defense against neurotoxic as opposed to hemolytic venoms. In this 
context, one of the mast cell–independent mechanisms that evolved as a defense against 
neurotoxic venoms (and this has been reported in the mongoose, the honey badger, and 
the hedgehog, and even in the domestic pig) is to have mutations in the genes encoding 
receptors that are targeted by constituents of neurotoxic venoms — the effect of such 
mutations being to reduce the ability of such venom components to bind to the receptors. 
For example, snake venom alpha-neurotoxins (like alpha-bungarotoxin, a component of 
the venom of the Taiwanese banded krait (Bungarus multicinctus)), competitively bind 
to nicotinic acetylcholine receptors at neuromuscular junctions, which can result in pa-
ralysis,  respiratory failure, and death. The animals that I just mentioned, each of which 
can prey on and survive the bites of poisonous snakes with neurotoxic venoms, have 
independently evolved mutations in the toxin-binding sites of those receptors which di-
minish their ability to bind such toxins [Drabeck DH, Dean AM, Jansa SA. Why the 
honey badger doesn’t care: Convergent evolution of venom-targeted nicotinic acetylcho-
line receptors in mammals that survive venomous snake bites. Toxicon 2015;99:68–72]. 
So, returning to the mast cell, it is possible that mast cells may be more or less important 
in enhancing resistance to particular venoms depending on whether the snake has pre-
dominantly hemotoxic versus neurotoxic venoms. Indeed, when we challenged normal 
and mast cell–deficient mice with the venom of Naja naja (the Indian cobra often used by 
snake charmers, whose venom contains neurotoxic components), the results of our pilot 
experiments indicated that mast cells had neither a protective nor a detrimental effect 
on the mortality induced by that venom.  

Michael gershon, new York city: I wonder why mast cells, when they put out all 
those things they put out including much protease — they are not just degrading the 
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venom but they are doing other things at the same time such as anaphylaxis which is 
counterproductive. So, I’m curious as to why you think that happens? I’ve thought evolu-
tion might have adapted a simpler way of just getting out one of the agents that it needed 
for this particular stimulus. 

galli, stanford: So, Mike, one can break your comment into two different questions: 
Can mast cells selectively release different mediators? The general answer to that is a 
qualified “probably yes.” but that’s a whole other story. However, cytoplasmic granules 
that store proteases also store other mediators, such as histamine, that can contribute to 
the signs and symptoms of anaphylaxis. So, if the release of stored proteases is needed 
to combat venom toxins, then there also is the risk, with extensive mast cell degranula-
tion, of inducing anaphylaxis. But another question is, or I would interpret your com-
ment to raise this question: Is anaphylaxis always bad for you? First, let’s consider the 
proposition that you will die if you’ve been envenomated with a certain amount of venom 
and you don’t detoxify the venom. If that is true, then the next question is: What risk 
would the envenomated animal be willing to take to make sure that sufficient venom 
is  degraded to prevent death due to envenomation? If the venom is being distributed 
systemically, then one could argue that you would also want the mast cell proteases to 
be distributed systemically, i.e., the mast cell degranulation should be extensive and 
systemic: this typically will result in the signs and symptoms of anaphylaxis. So our 
speculation is that, across the entire population of animals at risk of envenomation, 
anaphylaxis may actually be beneficial in cases of extensive envenomation; of course as 
long as you survive it....

Billings, Baton rouge: (after showing slide of snakes) So you can see my concern 
for my grandchildren.
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galli, stanford: Do you know the “5 Ts” which are said to characterize the 
 typical snake bite victim?: Testosterone — it’s usually a man; Tequila — there often is 
 alcohol involved [Billings, Baton rouge: I have six grandsons — that’s probably a  
problem] ....T-shirts, Trucks, and Teeth — lack thereof. [note added in proof by 
galli, stanford (who looked it up in Google): sometimes two more “Ts” are added to 
the list: Tattoos and Teasing the snake.]
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