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Studies with mouse models demonstrate 2 pathways of systemic
anaphylaxis: a classic pathway mediated by IgE, FceRI, mast
cells, histamine, and platelet-activating factor (PAF) and an
alternative pathway mediated by IgG, FcyRIII, macrophages,
and PAF. The former pathway requires much less antigen and
antibody than the latter. This is modified, however, by IgG
antibodies that prevent IgE-mediated anaphylaxis by
intercepting antigen before it binds to mast cell-associated IgE.
Consequently, IgG antibodies block systemic anaphylaxis
induced by small quantities of antigen but mediate systemic
anaphylaxis induced by larger quantities. The importance of
the alternative pathway in human subjects is unknown, but
human IgG, IgG receptors, macrophages, mediators, and
mediator receptors have appropriate properties to support this
pathway if sufficient IgG and antigen are present. The severity
of systemic anaphylaxis is increased by nitric oxide produced
by the enzyme endothelial nitric oxide synthase and by the
cytokines IL-4 and IL-13 and decreased by endogenous
B-adrenergic stimulation and receptors that contain ITIM that
bind tyrosine phosphatases. Anaphylaxis is also suppressed by
other receptors and ion channels that function through distinct
mechanisms. Unlike systemic anaphylaxis, intestinal
anaphylaxis (allergic diarrhea) is almost totally IgE and mast
cell dependent and is mediated predominantly by PAF and
serotonin. Some potent food allergens, including peanuts and
tree nuts, can directly enhance anaphylaxis by stimulating an
anaphylactoid response through the innate immune system.
Results of these studies suggest novel prophylactic agents,
including nonstimulatory anti-IgE mAbs, IL-4 receptor
antagonists, PAF antagonists, and agents that cross-link FceRI
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or FcyRIII to an ITIM—-containing inhibitory receptor.
(J Allergy Clin Immunol 2007;120:506-15.)
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Anaphylactic responses to insect stings, injected med-
ications, foods, and other agents remain substantial prob-
lems and are increasing in frequency.l’2 Unfortunately,
prophylaxis and treatment have advanced little in recent
years and remain limited to avoidance, allergen desensitiz-
ation therapy, and medications, including antihistamines,
epinephrine, and intravenous fluids. In response, consider-
able effort is being made to better understand the mecha-
nisms responsible for anaphylaxis and test potential
novel therapies. Much of this effort has been directed
toward the development and analysis of models in labora-
tory animals, especially mice. Such approaches have
tremendous advantages, including economy and the avail-
ability of genetically inbred strains, animals that overex-
press or delete a specific gene, and mAbs that promote
or suppress a specific molecular pathway. Results obtained
with animal models, however, are not necessarily applica-
ble to human subjects. This article will review the results
of studies of anaphylaxis with mouse models and provide
a framework for considering their applicability to human
disease. Key concepts of this review are listed in Table I.

TWO PATHWAYS OF MURINE SYSTEMIC
ANAPHYLAXIS

Central to all studies of anaphylaxis in the mouse is the
observation that systemic anaphylaxis (rapid and poten-
tially reversible hypotension, hypothermia, decreased
mobility, and scratching) can be mediated by 2 indepen-
dent mechanisms.”> One, which I refer to as the classic
pathway, involves mast cells sensitized by IgE antibodies
bound to FceRI. Antigen-induced cross-linking of mast
cell-associated IgE leads rapidly to mast cell degranula-
tion with release of mediators and enzymes, such as the
mucosal mast cell granule-specific [3-chymase mouse
mast cell protease 1 (MMCP1).>® Histamine is primarily
responsible for the development of shock (detected as
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Abbreviations used
gp49B1: Glycoprotein 49B1
ITAM: Intracellular immunoreceptor tyrosine-based
activation motifs
ITIM: Intracellular immunoreceptor tyrosine-based
inhibition motif
MAFA: Mast cell function—associated antigen
MMCP1: Mouse mast cell protease 1
OVA: Chicken ovalbumin
PAF: Platelet-activating factor
PCA: Passive cutaneous anaphylaxis
PECAM-1: Platelet/endothelial cell adhesion molecule-1
PIR: Paired immunoglobulin-like receptor
SHIP: Src homology 2—containing inositol phosphatase
SHP: Src homology 2—containing tyrosine phosphatase
STAT: Signal transducer and activator of transcription
TRPM4: Transient receptor potential cation channel,
subfamily M, member 4

hypothermia), although platelet-activating factor (PAF)
also contributes.’ This mechanism of anaphylaxis can be
modeled by injecting mice with an mAb, such as EM-
95, that cross-links mast cell-associated IgE.3

Systemic anaphylaxis that closely resembles IgE/
FceRI/mast cell-mediated shock is also induced in mice
through an alternative pathway that is mediated by IgG
antibodies, the activating low-affinity IgG receptor
FcyRIII, and macrophages.3 7-10 PAF, rather than hista-
mine, is primarily responsible for the development of
shock in this system.'! Although IgG antibody—dependent
complement activation can produce anaphylatoxins, in-
cluding C3a and C5a, these do not appear to be important
in the IgG-mediated alternative pathway.>'? The alterna-
tive pathway can be modeled by injecting mice with an
mAb, 2.4G2, that cross-links FcyRIII on macrophages.3
Although 2.4G2 also binds to an inhibitory IgG receptor,
FcyRIIlb, 2.4G2-induced inhibitory effects on macro-
phages are outweighed by the stimulatory effects, presum-
ably because mouse macrophages generally express
considerably more FcyRIII than FcyRIIb. '3

Evidence for the existence of these 2 independent
pathways of anaphylaxis comes from multiple studies
performed over several years by many investigators.
Demonstration of anaphylaxis in mice that lacked mast
cells (c-kit—deficient W/W" mice),'® FceRL,'7 or IgE12
provided evidence for the existence of an alternative path-
way. Studies with FcyRII-deficient,'* FcRwy-deficient,'®
and FceRIa-deficient'” mice demonstrated that FeyRIII
is required for the alternative pathway but not the classic
pathway, that FceRla is required for the classic pathway
but not the alternative pathway, and that FcRy (which
combines with both FceRIa and FcyRIII and is required
for signaling by ligands bound to both receptors) is re-
quired for both pathways.'*'"!® Studies with 2.4G2 and
anti-IgE mAb (EM-95) demonstrated that the former
mAD blocks antigen induction of the alternative, but not
the classic, pathway, whereas EM-95 has the opposite
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effect.’ The importance of mast cells in the classic, but
not the alternative, pathway was demonstrated by studies
with W/W" mice,'®!'® whereas the importance of macro-
phages in the alternative, but not the classic, pathway
was demonstrated by studies that killed or desensitized
macrophages with gadolinium, a rare earth metal that is
used at a lower dose as a contrast agent for magnetic res-
onance imaging.3 78 Differences in mediator involvement
in the 2 pathways were established by studies that demon-
strated partial suppression of anti-IgE mAb-induced
anaphylaxis with an antihistamine, more complete sup-
pression of anti-IgE mAb—induced anaphylaxis with a
combination of antihistamine plus PAF antagonist, and
nearly complete inhibition of 2.4G2-induced anaphylaxis
with a PAF antagonist.” The 2 pathways of anaphylaxis
and some of the receptors that regulate mast cell and mac-
rophage participation in anaphylaxis (see below) are dia-
gramed in Fig 1.

Although clinical features of the 2 pathways of murine
anaphylaxis closely resemble each other, and anaphylaxis
induced by one pathway desensitizes the induction of
shock through the other pathway for a few hours,” there are
some important differences. Tachycardia is more promi-
nent when anaphylaxis is induced in mast cell-sufficient
than in mast cell-deficient mice'*'® and hence is most
likely dependent on IgE and histamine. This might reflect
the ability of PAF, the primary mediator of the alternative
pathway, to decrease myocardial function.”” The classic
and alternative pathways differ even more importantly in
the antibody and antigen concentrations that are required
to induce anaphylaxis. Induction of hypothermia through
the alternative pathway requires approximately 100-fold
more antigen than induction of a similar response through
the classic pathway.4 Anaphylaxis mediated through the
alternative pathway also appears to require much more an-
tibody than anaphylaxis mediated through the classic path-
way. IgE-mediated anaphylaxis can be seen when IgE
levels are so low that IgE, although present on mast cells,
is undetectable in serum.?' In contrast, relatively high
levels of serum IgG antibody are required for antigen in-
duction of anaphylaxis through the IgG/FcyRIIl/macro-
phage pathway.4 These differences are consistent with the
much higher affinity of FceRI for IgE than FcyRIII for
IgG**** and with the direct binding of antigen to mast cell-
associated IgE, whereas antigen/IgG complexes presum-
ably form in blood and lymph before binding to FcyRIII.

These differences in required antigen and antibody
concentrations and the tendency to generate much larger
IgG than IgE responses have important consequences for
the induction and prevention of systemic anaphylaxis.
Although much less antigen is required to trigger the
classic pathway in the presence of antigen-specific IgE and
the absence of antigen-specific IgG than is required to
trigger the alternative pathway when antigen-specific IgG
is present, responses are dramatically altered in the
common situation when antigen-specific IgE and IgG
are both present and there is more IgG than IgE. In this
latter situation, antigen is likely to encounter IgG in blood
or lymph before it can bind to mast cell-associated IgE.
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TABLE I. Key concepts
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other that involves IgG, FcyRIII, macrophages, and PAF.

. Anaphylaxis in the mouse can occur through 2 independent pathways: one that involves IgE, FceRI, mast cells, PAF, and histamine and the

2. Considerably less antibody and antigen are required to trigger IgE-dependent anaphylaxis than IgG-mediated anaphylaxis, provided that
IgG antibodies are insufficient to block antigen binding to mast cell-associated IgE.

hed

Most human anaphylaxis is probably IgE dependent because it involves small quantities of antigen, but there is some evidence that human

anaphylaxis can be IgG mediated when induced by large quantities of antigen.

S

Mast cell degranulation can be inhibited by cross-linking FceRI to an ITIM-containing cell membrane receptor.
. Anaphylaxis is promoted by endogenously produced IL-4, IL-13, and nitric oxide and inhibited by endogenously produced (3-adrenergic

agonists. These agents act distally to mast cell and macrophage activation.

N o

exacerbate anaphylaxis.

Gastrointestinal anaphylaxis is induced by an IgE/FceRI/mast cell/PAF plus serotonin pathway.
Peanut and tree nut proteins can induce a C3-dependent anaphylactoid response that can synergize with IgE-induced mast cell activation to

8. The murine and human immune systems are sufficiently similar that these observations about murine anaphylaxis are likely to apply to

human subjects.

As a result, antigen-specific IgG can block IgE-mediated
anaphylaxis.4 Consequently, when antigen levels are in-
sufficient to induce IgG-mediated anaphylaxis, high levels
of IgG antibodies can prevent the development of any an-
aphylactic response.* For a similar reason, larger amounts
of antigen trigger anaphylaxis predominantly through the
alternative pathway when antigen-specific IgG antibody
levels are high, even though antigen-specific IgE is pre-
sent.* In this situation the 2 anaphylaxis pathways will
be triggered simultaneously only when the amount of
challenge antigen exceeds the capacity of IgG antibody
to block antigen binding to mast cell-associated IgE.*

Differences in the reported relative importance of IgE-
dependent and independent pathways of anaphylaxis,
which abound in the literature, thus likely result from
differences in the characteristics and relative amounts of
antigen used to induce an antibody response and the
amounts of antigen used to trigger anaphylaxis. A very
potent antigen, such as goat anti-IgD antiserum, primes for
anaphylaxis that is induced almost entirely through the
alternative pathway unless milligram quantities of the
relevant allergen (goat IgG) are used for the challenge.4 In
contrast, mice primed with penicillin conjugated to oval-
bumin have an IgE-dependent anaphylactic response to
penicillin,24 and mice primed by multiple injections of
an insulin-derived peptide exhibit evidence of both the
classic and alternative pathways of anaphylaxis.*’

PHYSIOLOGIC AND PHARMACOLOGIC
MODULATORS OF SYSTEMIC ANAPHYLAXIS

The most direct determinants of anaphylaxis induction
and severity are the extent and rapidity of cross-linking
of mast cell FceRI and macrophage FcyRIIl. These are
influenced by antigen dose, speed of antigen access to the
circulation (ie, route of antigen administration), concen-
tration of IgE and IgG antibody, antibody affinity, number
and activation state of mast cells and macrophages, and
density of mast cell FceRI and macrophage FcyRIIL.
Multiple additional factors, however, can act at several
levels to modulate anaphylaxis induction. FceRI and

FcyRIII stimulate mast cells and macrophages, respec-
tively, by activating cell-associated tyrosine kinases
(which activate signaling proteins by phosphorylating
their tyrosine residues) through ITAMs that are located on
intracytoplasmic domains of the FcRs (to increase read-
ability, acronyms are used in place of the full names of
several protein motifs, signaling molecules, receptors, and
protein channels throughout this paper; the full names are
provided in the abbreviations list).'>** Because this FcR-
induced activation of mast cells and macrophages is medi-
ated by tyrosine phosphorylation, other receptors that
include intracellular immunoreceptor tyrosine—based inhi-
bition motifs (ITIMs) that activate the SHP1 and SHP2
(which inactivate signaling proteins by dephosphorylating
their tyrosine residues), SHIP (which inactivates inositol-
based signaling molecules by dephosphorylating them),
or both can suppress both pathways of anaphylaxis. The
best studied of these is the ITIM-containing inhibitory
IgG receptor FcyRIIb, which is present on both mast cells
and macrophages and has some capacity to bind both IgE
and IgG.'*?® Both pathways of anaphylaxis are exacer-
bated in mice deficient in FcyRIIb, regardless of whether
anaphylaxis is induced by means of active immunization
(induction of antibody through antigen stimulation) or
passive immunization (injection of mice with antigen-spe-
cific IgE or IgG antibodies before antigen challenge).'* As
aresult, agents such as cytokines and immune complexes,
which modity the ratio of FcyRIIb to FcyRIII or FceRlI,
can influence anaphylaxis severity and development.

FcyRIIb is only one example of an ITIM-associated
receptor that can negatively regulate cellular activation;
others that appear to regulate mast cell activation include
CD300a,”” PIR-B,”® PECAM-1,> the c-lectin MAFA,*
and gp49B1.31 Some of these receptors, such as PIR-B,
which binds to MHC class I molecules,*? appear to regu-
late basal levels of mast cell activation,?® whereas others
might act like FcyRIIb to downmodulate antigen-induced
mast cell activation. PIR-B is also expressed on macro-
phages, where it also appears to regulate basal activa-
tion.*> Better understanding of how some of these
receptors regulate mast cell activation awaits identification
of their natural ligands.
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FIG 1. Mechanisms of murine anaphylaxis. Antigen (Ag) can cause systemic anaphylaxis in mice through (1)
the classic pathway by cross-linking IgE bound to mast cell FceRlI, stimulating histamine and PAF release, or (2)
the alternative pathway by forming complexes with IgG that cross-link macrophage FcyRlll, stimulating PAF
release. PAF and histamine cause the symptoms of anaphylaxis predominantly by inducing smooth muscle
contraction and increased vascular permeability. Stimuli that induce mast cell and macrophage activation
are mediated by receptors (shown in green) that include ITAMs, and receptors (shown in red) that contain
ITIMs can suppress mast cell and macrophage activation. Suppressive receptors that do not work through
ITIMs are shown in purple, and a suppressive ion channel is shown in pink. Anaphylaxis can be exacerbated
at the target cell level by nitric oxide (NO) produced by the enzyme endothelial nitric oxide synthase (eNOS)
and by IL-4 and IL-13, which act through a signal transducer and activator of transcription 6 (STAT6)-
dependent pathway to increase the sensitivity of target cells to vasoactive mediators and might act through
a phosphatidyl inositol-3 kinase (PI-3K)-dependent pathway to induce endothelial nitric oxide synthase.

Figure adapted and updated from Finkelman et al®" with permission.

Not all inhibitory receptors on mast cells or macro-
phages contain ITIMs. The mast cell receptor for the
glycoprotein CD200, for example, contains no ITIM but is
still able to inhibit FceRI-mediated mast cell activation by
binding SHIP1 and inhibiting the Ras/mitogen-activated
protein kinase pathways of cellular activation.>® Other
mast cell-associated negative modulations of degranu-
lation include the A2b adenosine receptor’® and the
TRPM4 ion channel.>® Undoubtedly, further studies of
mast cell and macrophage activation by immunoglobulin
receptors will reveal additional regulatory receptors and
pathways.

Both the classic and alternative pathways of anaphy-
laxis are also regulated by agents that modify responsive-
ness to the mediators released by macrophages and mast
cells. Nitric oxide, produced by endothelial nitric oxide
synthase activated through the phosphatidyl inositol-3
kinase/Akt pathway,36 increases susceptibility to anaphy-
laxis by promoting vasodilatation and increasing vascular

permeability.®” IL-4 and IL-13, which are produced by T
cells and basophils®® and activate phosphatidyl inositol—3
kinase in several cell types through the type 1 and type 2
IL-4 receptors,’ also act through IL-4 receptors to acti-
vate the transcription factor STAT6,*® which increase
responsiveness to several mast cell- and macrophage-
generated mediators, including histamine, PAF, serotonin,
and leukotriene C4.*' Both endothelial nitric oxide syn-
thase and IL-4/IL-13 exacerbation of anaphylaxis occur
under physiologic conditions.””**! The response to vaso-
active mediators is also regulated through cardiovascular
[3-adrenergic receptors, which normally increase myocar-
dial contractility and vascular tone to compensate for the
decreased intravascular volume, vasodilatation, and myo-
cardial depression that are induced by PAF and hista-
mine.*> Consequently, physiologic and pharmacologic
B-adrenergic agonists ameliorate anaphylaxis,** whereas
B-adrenergic blockers can exacerbate this disorder.**
The severity of anaphylaxis might similarly be modified
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by expression of different [3-adrenergic receptor alleles,
which encode receptors that vary in their response to [3-
adrenergic agonists.*’

MOUSE MODELS OF INTESTINAL
ANAPHYLAXIS

Allergen ingestion can induce the shock syndrome
characterized as systemic anaphylaxis but more com-
monly induces gastrointestinal symptoms, such as diar-
thea.'***” Three experimental mouse models of intestinal
anaphylaxis have been described: one in which mice are
sensitized by ingestion of an allergen, such as peanut ex-
tract, with cholera toxin*®; one in which mice are sensi-
tized by means of intraperitoneal injection of chicken
ovalbumin (OVA) with the adjuvant alum (aluminum hy-
droxide)49; and one in which mice are sensitized by means
of transdermal immunization with a hazelnut extract.’
Oral challenge with the appropriate allergen induces diar-
rhea in the OV A/alum model and can induce both diarrhea
and shock in the peanut extract/cholera toxin and transder-
mal hazelnut models, although systemic symptoms can
be mouse strain dependent.”®>" Studies in the OVA/
alum and peanut extract/cholera toxin models indicate
almost complete dependence on IgE and mast cells,
although PAF and serotonin, rather than histamine, are
the primary mediators involved in allergic diarrhea.*®*’

It is currently unclear why systemic anaphylaxis is a
characteristic of the peanut extract/cholera toxin and
transdermal hazelnut models but not the OVA/alum
model. Possible explanations include different ratios of
IgE/IgG antibody production (higher in the peanut/cholera
toxin model than the OVA/alum model) or greater sys-
temic absorption of intact peanut allergen epitopes than
OVA epitopes. In this regard studies have demonstrated
resistance of major peanut allergens, such as Ara h 1, to
digestion, as well as the presence of IgE antibodies that
recognize short linear Ara h 1 amino acid sequences, as
opposed to the longer, conformation-dependent epitopes
that are often required for IgE antibody binding and are
more easily destroyed by digestion.’'> It is likely that
quantitative, rather than qualitative, differences among the
3 models of food-induced anaphylaxis are responsible for
the difference in systemic features because shock develops
in the OV A/alum model in mice that have been further sen-
sitized to mast cell-released mediators by treatment before
allergen challenge with IL-4 and a 3-adrenergic antagonist
(R. Strait and F. D. Finkelman, unpublished data).

Studies of intestinal anaphylaxis have also explored
additional possible reasons why peanuts are such a
common cause of food allergy in the United States and
Europe and, unlike most other food allergens aside from
tree nuts, a cause of lethal anaphylaxis and anaphylaxis
that persists into adulthood.’*>* One intriguing observa-
tion is the finding that Ara h 1 is a ligand of the dendritic
cell receptor dendritic cell-specific intercellular adhesion
molecule—grabbing nonintegrin and can activate dendritic
cells through this receptor to present antigen in a way that
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is more likely to stimulate a Ty2 cytokine response.>
Even more recently, we have found that injection of
mice with an extract of peanuts or tree nuts can directly
induce an anaphylactoid (antibody-independent shock/
hypothermia) response. This appears to result primarily
from activation of the innate immune system, inasmuch
as it is induced in B cell- and T cell-deficient mice with
severe combined immune deficiency and appears to de-
pend to a great extent on complement activation (it is con-
siderably reduced in C3-deficient mice), although it might
be partially dependent on activation of immunoglobulin
receptors (it is reduced somewhat in FcRy-deficient mice).

The peanut protein or proteins important in the response
to peanut extract have not yet been identified. Two leading
candidates, however, Ara h 1 and peanut agglutinin, have
been eliminated, and preliminary data suggest involve-
ment of a low-molecular-weight protein. This is consistent
with a report that purified major peanut allergens are much
less immunogenic than the crude extract (ie, peanut
molecules that do not elicit a strong IgE response act as
adjuvants that promote antibody production to the major
allergens).5 ® The anaphylactoid reaction to peanut extract
is primarily macrophage dependent, although mast cell ac-
tivation also occurs, as shown by an increase in serum
MMCP1 levels. Consistent with this cellular involvement,
both PAF and histamine are involved in the response, with
PAF more important than histamine in shock pathogene-
sis. Peanut extract injection also causes a substantial
TNF response, with smaller but significant IL-6, 1L-4,
and IL-13 responses but no increase in IFN-y production.

Taken together, these observations suggest that peanuts
have 4 characteristics that make them the ‘““perfect aller-
gen:” (1) they contain large concentrations of immuno-
genic proteins that resist digestion; (2) they contain a
protein that stimulates dendritic cells to present antigen in
a way that promotes a T2 response; (3) they contain 1 or
more proteins that induce the production of cytokines that
promote a T2 response; and (4) they activate complement
to produce complement breakdown products (presumably
the anaphylatoxins C3a and/or C5a) that stimulate mast
cell and macrophage activation and lead to release of
PAF and histamine. This activation of macrophages and
mast cells through the innate immune system can interact
synergistically with antibody-mediated mast cell activa-
tion to turn mild anaphylaxis into lethal anaphylaxis
(M. Khodoun, R. Strait, and F. D. Finkelman, manuscript
in preparation).

ADDITIONAL MIOUSE MODELS OF
ANAPHYLAXIS

Passive cutaneous anaphylaxis

Although passive cutaneous anaphylaxis (PCA) is more
useful as a model for probing mechanisms of anaphylaxis
than a model of human allergy, it has played an historically
important role in dissection of the mechanisms of ana-
phylaxis.”” Unlike systemic anaphylaxis in the mouse,
PCA mediated by autologous antibody appears to be en-
tirely mast cell dependent and is primarily dependent on
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IgE.58 PCA can also be mediated, however, by a fraction
of IgGl molecules, called anaphylactic IgGl. These
IgG1 molecules bind to mast cells, and binding appears
to be influenced by a glycosylated determinant that is
promoted by IL-4 and inhibited by IL-10, IL-12, and
IEN-y.2>** IgG1-mediated PCA is dependent on FcyRIIT
(it is absent in FcyRIII-deficient mice and blocked by
pretreatment with 2.4G2%). It is not known whether an
interaction between IgG1l and mast cell FceRI is also
required, and it is not clear whether PCA can also be in-
duced by mouse IgG2a and IgG2b, which also bind to
FcyRIIL* Tt is possible that cytokine-dependent glycosy-
lation increases the affinity of IgG1 for FcyRIII, decreases
its affinity for FcyRIIb, or both; however, there is presently
no experimental support for this speculation. It is also
important to note that IgG1 has never been shown to
induce mast cell-mediated systemic anaphylaxis; indeed,
FcyRIII cross-linking by 2.4G2 fails to induce an increase
in serum MMCP1 levels in vivo or to desensitize mice to
mast cell stimulation by anti-IgE mAb.*~®

Penicillin-induced anaphylaxis

The results of most studies of systemic and local
anaphylaxis are consistent with all general conclusions
that have been presented up to this point, including
conclusions about the relative roles of IgG versus IgE,
IgG receptors versus FceRI, mast cells versus macro-
phages, and histamine versus PAF. A series of well-
documented studies with a mouse model of penicillin
allergy, however, are an apparent exception to these
conclusions. Studies with this system, in which mice are
sensitized with a penicillin-OVA conjugate plus adjuvant
and challenged with penicillin conjugated to a different
protein, suggested that systemic anaphylaxis was IgE
dependent because it was blocked by anti-IL-4 mAb but
mast cell independent (present in W/W" mice) and primar-
ily PAF dependent.24 A separate study of passive systemic
anaphylaxis with this system more directly demonstrated
IgE, but not IgG, involvement (the sensitizing serum fac-
tor was heat labile and absorbed by an anti-IgE antibody
column but not by an anti-IgG antibody column) but did
not investigate mast cell dependence.®® The results of
the latter study are not difficult to explain; IgE-dependent,
mast cell-dependent systemic anaphylaxis has been
shown in several mouse models, as described earlier.
Explanation of the former studies is more difficult because
anti-IgE mAD fails to induce systemic anaphylaxis in mast
cell-deficient W/W" mice.*'* This makes the authors’
suggestion that the putative IgE-dependent, mast cell-
independent anaphylaxis was mediated primarily by baso-
phils, the only cells in the mouse beside mast cells that
express FceRI,*® unlikely.®® It also seems unlikely that
IgE mediates anaphylaxis in the penicillin model by bind-
ing to macrophage FcyRIIL; if this were the case, the IgG
anti-penicillin antibodies that are produced in this model
should make any requirement for IgE redundant. My fa-
vored interpretation is that the penicillin model induces
both IgE/mast cell-dependent and IgG/macrophage-
dependent anaphylaxis, and anti-IL-4 mAb suppresses
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anaphylaxis in this model for reasons other than or in ad-
dition to its suppression of the IgE response, such as inhi-
bition of IL-4’s effects on target cells that enhance the
response to mediators released by mast cells and macro-
phages.*! In this regard it is pertinent that the active immu-
nization study of penicillin-induced anaphylaxis used
mortality as its only read-out.”* As a result, it would not
detect the possibility that suppression of IL-4 exacerbation
of anaphylaxis blocked mortality but did not fully prevent
the disease. An additional related possibility is that anti-
IL-4 mAD inhibits penicillin-induced anaphylaxis by sup-
pressing the IgE response required to mediate basophil
secretion of IL-4 and IL-13%" and thus exacerbation of
anaphylaxis by both cytokines.

RELEVANCE OF MOUSE MODELS TO
HUMAN ANAPHYLAXIS

The focus of this article on specifics of mouse models of
anaphylaxis, including the effects of specific mouse IgG
isotypes and immunoglobulin receptors, raises questions
about the human relevance of these studies. The many
similarities and few differences between the mouse and
human immune systems that are germane to the relevance
of mouse models to human anaphylaxis have been previ-
ously summarized (reproduced here as Table II).°" There
are no precise homologies between mouse and human
IgG subclasses, and FceRI is expressed by more cell types
in human subjects (eg, macrophages) than in mice, where
it is only expressed on mast cells and basophils.62 Both
considerations suggest that systemic anaphylaxis might
be more IgE dependent in human subjects than in mice
and are consistent with the strong evidence for IgE-depen-
dent anaphylaxis and relatively little evidence for IgG-
dependent anaphylaxis in human subjects.

My own view is that most human anaphylaxis is
probably IgE dependent; however, I suspect that the
reasons for this apparent interspecies difference have
more to do with the specific mouse models used to study
systemic anaphylaxis than with differences between the
murine and human immune systems. Mice and human
subjects both express stimulatory and inhibitory IgG
receptors on macrophages, including FcyRIIb and
FcyRIIL'® and human IgG1 and IgG3, which are produced
in a large amount in protein-induced immune responses,
bind to and activate these receptors.®®> PAF is produced
by human, as well as mouse, macrophages and increases
vascular permeability in both species.?*** Consequently,
it is reasonable to hypothesize that antigen/IgG complexes
can induce the same syndrome in human subjects that they
induce in mice. However, although mouse models of sys-
temic anaphylaxis typically immunize mice with large
amounts of antigen and/or potent adjuvants that induce
large IgG, as well as IgE, responses, human systemic ana-
phylaxis usually occurs in individuals who have been ac-
cidentally immunized with small amounts of antigen (eg,
the small amounts of venom injected by stinging insects).
It would be unlikely for human subjects immunized in this
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TABLE Il. Anaphylaxis-relevant similarities and differences
between the mouse and human immune systems®’
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TABLE lll. Novel approaches to prevention of anaphylaxis
suggested by studies with mouse models

Characteristic Mouse Human

Presence of IgE + +

Presence of FceRI on mast cells and + +
basophils

Presence of FceRI on macrophages — +
and Langerhans cells

Presence of FcyRIIb on mast cells + +

Presence of FcyRIII on macrophages + +

Presence of FcyRIIA, FcyRIIIA, and — +
FeyRIIIC

Mast cell production of histamine + +

Macrophage production of PAF + +

Activation of mast cells by IgG + (weak) —

IgE binding to FcyRIIb and FcyRIIT + +

way to have and maintain the large IgG antibody responses
that are a feature of the mouse models, whereas low-dose
antigen immunization might actually favor an IgE re-
sponse.®® Similarly, antigen challenges that induce human
anaphylaxis tend to be smaller than those used to challenge
mice, especially when the size difference between the 2
species is taken into account. The much lower antigen
and antibody requirements for IgE- than IgG-mediated an-
aphylaxis noted earlier” thus favor the [gE/FceRI/mast cell
pathway of anaphylaxis in human subjects.

Despite this, it is important to consider that human
anaphylaxis has been described in the absence of detect-
able allergen-specific IgE antibody in serum and in the
absence of detectable evidence of mast cell degranulation
(ie, no increase in serum tryptase levels).°®® The best ev-
idence for IgG-mediated human anaphylaxis comes from
observations made in patients with Crohn’s disease,
who, like goat anti-mouse IgD—primed and challenged
mice, were immunized (unintentionally) and challenged
intravenously with large doses of a foreign immunoglob-
ulin, the chimeric mouse/human anti-TNF mAb inflixi-
mab. The 11 patients in this study rapidly experienced
hyperemia, palpitations, diaphoresis, nausea, dizziness,
and, in some cases, dyspnea and hypotension; all had
IgG antibodies to the mouse immunoglobulin determi-
nants on infliximab; none had increased serum IgE levels;
and none had increased tryptase levels in blood that was
drawn 20 minutes after the onset of the reaction.®’
Although it is risky to base an argument for [gG-mediated
anaphylaxis predominantly on absent evidence for IgE-
mediated anaphylaxis, these observations suggest that it
would be worthwhile to look for evidence of macrophage
activation and PAF secretion in human subjects with ana-
phylaxis after a large dose of antigen.70’71

IMPLICATIONS FOR PROPHYLAXIS AND
TREATMENT

Regardless of the importance of [gG-mediated anaphy-
laxis in human subjects, studies with mouse models have

1. Nonactivating anti-IgE mAbs

2. IL-4 receptor « chain antagonists (blocking mAbs and IL-4 mu-
tants that bind but do not signal)

3. Ligands and antibodies that cross-link FceRI or FcyRIII with an
ITIM-containing inhibitory receptor

4. PAF antagonists

5. Tyrosine phosphatase activators

6. Encapsulated IL-12 (for food allergy)

suggested several approaches that might be useful for
anaphylaxis prophylaxis (Table III) but few or none that
might be useful for treatment. The possible prophylactic
closest to the clinic is an anti-IgE mAbD that binds to an
IgE epitope blocked by FceRI, so that it can prevent IgE
binding to mast cell FceRI but cannot induce anaphylaxis
by cross-linking IgE already bound to FceRI on mast cells.
One such anti-IgE mADb has been shown to increase toler-
ance for ingested peanuts in patients with severe peanut
allergy.72 Interestingly, some patients treated with a hu-
manized anti-IgE mAb have had anaphylaxis in response
to treatment; it is not clear whether this was IgE mediated
and resulted from insufficient neutralization of IgE or
whether it was IgG mediated.”

The importance of PAF in murine IgE- and IgG-
mediated anaphylaxis makes the use of PAF antagonists,
in combination with an antihistamine, a promising agent
for prevention of anaphylaxis. Several PAF antagonists
have been developed,74’75 but none have been marketed,
and [ am aware of no human trials of these drugs for ana-
phylaxis prevention or therapy.

IL-4 receptor antagonists (both blocking antibodies and
a mutant form of IL-4 that binds to IL-4Ra but does not
signal’®’"), which are currently being developed for the
treatment of asthma, also have appeal as possible anaphy-
laxis therapeutics. These agents could work in multiple
ways: suppressing IgE production, inhibiting Ty2 cell
differentiation, decreasing mast cell differentiation, and
blocking the enhancing effects of IL-4 and IL-13 on re-
sponsiveness to mediators released by mast cells and
macrophages. Other potential cytokine-based therapeutics
for the treatment of food allergy include ingestible encap-
sulated IL-12, which stimulates intestinal production of
IFN-y and suppresses intestinal Ty2 responses,”” and
IL-10, which has a general anti-inflammatory effect.”

Agents that activate tyrosine phosphatases and cross-
link them with mast cell FceRI to prevent the tyrosine
phosphorylation required to induce mast cell degranula-
tion are also promising. An IgE Fc—IgG Fc fusion protein,
which would prevent mast cell activation by cross-linking
mast cell FceRI with FcyRIIb, is already in clinical
developmem.go’81 A bifunctional antibody that cross-links
the ITIM-containing molecule CD300a with IgE (and in-
directly with FceRI) also prevents mast cell degranulation
in mice and is an attractive candidate for treatment of mast
cell-mediated disease.®® The same is true for bifunctional
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antibodies or ligands that could cross-link FceRI with any
of the other ITIM-associated mast cell proteins or ITIM-
independent activators of mast cell tyrosine phosphatases
that were mentioned earlier in this article. Small molecule
activators of tyrosine phosphatases, such as SHIP1,** also
hold promise as inhibitors of mast cell degranulation,
although the multiple functions of these molecules in
many cell types might make their activation on all cell
types more problematic than activation limited to mast
cells, basophils, and FceRI.

It is also worth considering that many of these
approaches might be used along with antigen-specific
desensitization through either an oral or a parenteral route.
Antigen-specific desensitization has been considered too
dangerous for the treatment of food-induced anaphy-
Jaxis,* although recent oral immunotherapy trials of
patients with less severe food allergy appear promis-
ing.#*® Inhibition of mast cell activation with any of the
several approaches mentioned in this review might provide
asafer opening for the use of desensitization therapy, which
could than provide a more long-lasting prophylactic effect.
In this regard treatment with the nonactivating anti-IgE
mAb omalizumab has already been shown to increase the
safety of rush desensitization to ragweed.®' Mast cell—
inhibiting therapies might even allow for treatment with an
otherwise activating anti-IgE mAb, which could theoreti-
cally eliminate mast cell-associated IgE and desensitize
mast cells to provide more effective long-term prophylaxis
than treatment with a nonactivating anti-IgE antibody.

In contrast to these multiple promising prophylactic
approaches, studies with mouse models currently provide
little hope for novel anaphylaxis therapies, with the
possible exception of injectable PAF antagonists, which
have not been well evaluated in a therapeutic model. The
rapid progression of anaphylaxis makes it difficult to think
of possible therapies that will reverse the established
effects of mast cell- and macrophage-released mediators
better than 3-adrenergic agonists and intravenous fluids.
The EpiPen (Dey, L.P., Napa, Calif) will probably be
around for a long time.

FUTURE GOALS OF RODENT STUDIES
IN ANAPHYLAXIS

Many goals for future research in this area are obvious
continuations of present studies, including (1) determina-
tion of the requirements for IL-4 and IL-13 in maintaining
allergen sensitization once it has been induced, (2)
identification of the ligands of each mast cell- and
macrophage-associated ITIM-containing receptor, (3)
evaluation of the relative importance of the classic and
alternative pathways of anaphylaxis in response to dif-
ferent allergens, (4) identification of better footprints of
mast cell and macrophage activation that can be used to
diagnose anaphylaxis, (5) identification of the precise
antigen characteristics that promote allergenicity, and (6)
determination of the mechanisms that promote Ty?2 re-
sponses. Other important goals that are less directly related

Finkelman 513

to current studies include determination of the extent to
which ingested allergens must be absorbed to induce aller-
gic diarrhea and systemic anaphylaxis; determination of
whether systemic responses to ingested allergens are me-
diated by the classic or the alternative pathway; develop-
ment of safer, easier, longer-lasting and more general
methods of desensitization; and development of models
that can be optimally used to test small molecule inhibitors
of mast cell degranulation, macrophage activation, and
mediator effects on target organs. Ultimately, research
should aim at identifying improved ways to rapidly re-
verse anaphylactic responses that have already begun.

I thank my colleagues whose work is mentioned in this review:
Richard Strait, Marat Khodoun, Eric Brandt, and Marc Rothenberg.
I also thank Mahasti Macedo for providing needed information about
anaphylactic IgG1.
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Correction

With regard to the June 2007 article entitled ‘““‘Eosinophilic disorders” (J Allergy Clin Immunol
2007;119:1291-300), the citations of Table I and Table II in the text were reversed. The reference to Table I
in the text of the article actually refers to Table II, and the reference to Table II actually refers to Table 1.
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