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Anaphylaxis is a systemic hypersensitivity reaction that can be life threatening.
Mechanistically, it results from the immune activation and release of a variety of
mediators that give rise to the signs and symptoms of this pathological event. For
years, most of the research in anaphylaxis has focused on the contribution of the
immune component. However, approaches that shed light on the participation of other
cellular and molecular agents are necessary. Among them, the vascular niche receives the
various signals (e.g., histamine) that elicit the range of anaphylactic events. Cardiovascular
manifestations such as increased vascular permeability, vasodilation, hypotension,
vasoconstriction, and cardiac alterations are crucial in the pathophysiology of
anaphylaxis and are highly involved to the development of the most severe cases.
Specifically, the endothelium, vascular smooth muscle cells, and their molecular
signaling outcomes play an essential role downstream of the immune reaction.
Therefore, in this review, we synthesized the vascular changes observed during
anaphylaxis as well as its cellular and molecular components. As the risk of anaphylaxis
exists both in clinical procedures and in routine life, increasing our knowledge of the
vascular physiology and their molecular mechanism will enable us to improve the clinical
management and how to treat or prevent anaphylaxis.

Key Message: Anaphylaxis, the most severe allergic reaction, involves a variety of
immune and non-immune molecular signals that give rise to its pathophysiological
manifestations. Importantly, the vascular system is engaged in processes relevant to
anaphylactic events such as increased vascular permeability, vasodilation, hypotension,
vasoconstriction, and decreased cardiac output. The novelty of this review focuses on the
fact that new studies will greatly improve the understanding of anaphylaxis when viewed
from a vascular molecular angle and specifically from the endothelium. This knowledge will
improve therapeutic options to treat or prevent anaphylaxis.
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INTRODUCTION

Anaphylaxis is a systemic reaction with a range of clinical
manifestations due to the varying involvement of several organs
and systems. At the cellular and molecular levels, most existing
research focuses exclusively on the immune component.
However, interactions between vascular and immunological
microenvironments are responsible for most manifestations
of anaphylaxis, including the most severe. Therefore, precise
understanding of the cellular communication between immune
and resident cells within the complex pathophysiology of this
pathological event is necessary. This review provides an
overview of the human vascular system in anaphylaxis and
seeks further understanding of the dysregulation of its
underlying processes.
ANAPHYLAXIS

Anaphylaxis is considered the most serious manifestation of
allergic disorders. The World Health Organization defines it as
“a severe, life-threatening systemic hypersensitivity reaction
characterized by being rapid in onset with potentially life-
threatening airway, breathing, or circulatory problems and is
usually, although not always, associated with skin and mucosal
changes” (1). In the United States of America (USA) alone,
annual expenditures due to anaphylaxis total 1.8 billion dollars
between direct and indirect costs (2). The World Allergy
Organization has found that its incidence and prevalence have
increased over the last decade. In 2020, global incidence was 50–
112 episodes per 100,000 people, and its lifetime prevalence was
between 0.3% and 5.1%. Moreover, although the mortality rate
remains low (0.05–0.51, 0.03–0.32, and 0.09–0.13 per million
people/year for drug-, food-, and venom-induced lethal
reactions, respectively), the rate of recurrence was 26.5%–
54.0% over a follow-up time of 1.5–25 years (1, 3). However,
current data underestimate the true actual rate due to factors
such as the lack of a common definition of anaphylaxis or
discrepancies in the methodologies used in epidemiological
studies (1, 4). In addition, diagnosis of this pathologic event is
based on clinical symptoms that are shared with other diseases,
causing anaphylactic reactions to be underdiagnosed (5). Thus,
in order to complement diagnosis, molecular markers are also
evaluated. Currently, the main biomarker used in clinical
practice is serum tryptase, a molecule released by the effector
cells of anaphylaxis. The diagnostic reference threshold for this
measurement has undergone considerable modifications to the
current value of 11.4 mg/l. However, its clinical utility has several
drawbacks since serum tryptase is also elevated in other
conditions such as mast cell disorders (6). In addition, it is not
increased in most patients who develop an anaphylactic reaction
(7). This could be due to the sample collection as the peak of this
protein is obtained 2 h after the reaction (8). Moreover, most
studies have now demonstrated the importance of considering
the basal value of serum tryptase at least 24 h after the episode (9,
10). Specifically, the increase of 20% plus 2 mg/l in the acute
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condition with respect to baseline revealed a substantial
improvement in the diagnosis of anaphylaxis (11). Therefore,
correct sampling and personalized diagnosis of each individual,
as well as the need to find new biomarkers, are crucial for the
correct management of this life-threatening reaction.

Several triggers can induce anaphylaxis, the most common
being foods, drugs, and Hymenoptera venoms, although in some
cases the cause of the reaction is unknown (idiopathic) (12–14).
In particular, the etiological distribution of anaphylaxis differs
with age since the most common triggers are drugs and insect
stings in adults, while food is the main culprit in children (5, 15).
However, regardless of the allergen, the signs and symptoms of
anaphylaxis are the same and affect several systems. Cutaneous
symptoms (e.g., localized urticaria, erythema, angioedema,
pruritus) are the most common manifestations and are
present in 80% of cases. Other systems may be affected, such
as the gastrointestinal (e.g., emesis, diarrhea), nervous (e.g.,
confusion, drowsiness, seizure), respiratory (e.g., dyspnea,
cough, wheezing, bronchoconstriction), and circulatory (e.g.,
palpitations, tachycardia, hypotension) (16). The cardiovascular
system is highly involved during mild anaphylactic reactions
and plays a key role in the most severe cases, in which
anaphylactic shock could take place (17, 18). Deterioration of
the circulatory system due to age, other diseases, and treatments
administered such as angiotensin-converting enzyme inhibitors
are some of the main risk factors associated with fatal reactions
(19–21). Therefore, the cardiovascular system is essential in the
development of the reaction and a key target to developing future
therapeutic strategies.
IMMUNE SYSTEM IN ANAPHYLAXIS

Cellular and Molecular Mechanisms
Mediated by IgE
The major molecular mechanism underlying anaphylaxis is the
classic allergic IgE-mediated reaction involving mast cells and
basophils (22). Mast cells reside in all vascularized tissues, and
studies have shown a correlation among the severity of the
reaction, early degranulation of mast cells, and release of
mediators (23–25). On the other hand, basophils are also
granular immune cells, although they are blood-circulating
leukocytes and not tissue-resident cells, unlike mast cells (26,
27). Recent studies suggest that basophils play a key role in food-
mediated anaphylaxis. However, since the activation of these
cells is complementary to that of mast cells, their contribution to
human anaphylaxis remains a pivotal point of study (28, 29).
Both cell types present the high-affinity IgE receptor (FcϵRI) on
their surface and are considered the main effectors in this
pathologic event (22). Mechanistically, when the individual is
first exposed to an allergen, the immune sensitization process is
initiated, triggering the production of antigen-specific IgE
antibodies. In successive reexposures to the antigen, there is
cross-linking of FcϵRI-bound allergen-IgE complexes, activating
effector cells and giving rise to the release of a large number of
mediators (12, 13, 30) (Figure 1).
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IgE-Independent Cellular and
Molecular Mechanisms
Interestingly, after experiencing an anaphylactic reaction, some
patients have no detectable levels of allergen-specific IgE (9, 31,
32). This happening means that a considerable percentage of
subjects do not show evidence of IgE-dependent immune
activation, so other cells and processes must be involved (33–
35). Due to the similarity between mouse and human immune
systems, the use of murine models has been essential in
elucidating the role of other mechanisms in anaphylaxis.
Among them, the IgG pathway appeared as the main
alternative immune process described in anaphylactic reactions
(5, 35, 36). Unlike the IgE mechanism, the mechanism guide by
IgGs seems to require higher levels of specific IgG and antigens,
presumably due to the lower affinity of FcgR compared with
FcϵRI (33). Nowadays, it is well established that IgG antibodies
can induce anaphylaxis by binding to their different receptors
(FcgR) (37). These ones are found in mast cells, basophils,
neutrophils, monocytes, and macrophages conforming to the
major cellular types activated by this alternative pathway. The
cellular consequence is elicited reactions due to the release of
abundant mediators (33, 38–41). One of the common mediators
released, in response to both IgE and IgG molecules, is the
platelet-activating factor (PAF) which is released from all the
subsets coming from a myeloid progenitor (Table 1).

Specifically, the implication of both monocytes and
macrophages has been demonstrated in passive and active
Frontiers in Immunology | www.frontiersin.org 3
systemic anaphylaxis (12, 89, 90). However, the role of
neutrophils has gained much relevance as key cellular players
eliciting anaphylactic reactions (43). Their contribution was
firstly observed in experimental mouse models which suggested
that a similar pathway could be operative in human reactions (43,
56). In fact, evidence in patients has shown elevated circulating
serum levels of neutrophil elastase and myeloperoxidase (the major
mediators stored in their granules). These results supported the
existence of a neutrophil-associated IgG molecular mechanism
associated with drug-induced anaphylaxis (86, 91). Therefore,
neutrophils and IgG arise as important factors in the
etiopathogenesis of the reaction but also lead to the possibility of
constituting new biomarkers of anaphylaxis.

Other reactions triggered by drugs (e.g., opioids, vancomycin)
are also capable of activating mast cells and basophils as well as
degranulation led by the Mas-related G-protein coupled receptor
member X2 (MRGPRX2) (92–95). This relevant pathway would
explain those reactions absent of immunoglobulins, and
therefore huge effort is being realized to elucidate its relevance
in the setting of anaphylaxis (35, 96, 97). Even further, external
factors (e.g., physical exercise, exposure to cold, or ultraviolet
radiation) contribute as cofactors in the reactions (12, 34, 41, 98).

Concerning the participation of other immune cells in these
events, accumulation of eosinophils was detected in passive
cutaneous anaphylactic reactions in guinea pigs, as well as in
spleens and coronary arteries from anaphylactic human cadavers
(99, 100). Specifically, these cells express on their surface both
FIGURE 1 | The classic IgE-mediated immune mechanism. The sensitization process initiates with first exposure to an allergen. The antigen-presenting cells (APCs)
capture and present the processed antigen to CD4+T cells inducing their polarization to a Th2 phenotype. These stimulate B cells which, afterward, produce and
release antigen-specific IgE antibodies that bind to FcϵRI. Future re-exposure(s) to the allergen induces the cross-linking of FcϵRI-bound allergen–IgE complexes,
activating and inducing the degranulation of mediators by mast cells and basophiles. These include histamine, platelet-activating factor (PAF), and tryptase, among
others. APC, antigen-presenting cell; PAF, platelet-activating factor.
March 2022 | Volume 13 | Article 836222
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TABLE 1 | Anaphylaxis-associated products and their main cellular sources are listed.
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Molecules Source

Vasoactive agents Histamine MC, BAS, NEU
Bradykinin P

NO EC
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Proteases Tryptase MC, BAS
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Plasminogen activator MC

Cathepsin G MC, NEUT, EOS,
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Lipidic molecules LTB4, LTC4, LTD4, LTE4 MC, BAS, NEU
PGD2 MC, NEUT, MON, MA
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receptor types: FcgR and FcϵR (26). Moreover, the contribution
of platelets to the reaction by the release of important mediators
has been also evidenced through IgE- and IgG-dependent
mechanisms (64, 101). Therefore, it seems that a big portion of
myeloid cells activated in anaphylaxis (endotypes) exists, which
are associated with different anaphylactic phenotypes and
biomarkers (5).
SOLUBLE MEDIATORS AND CASCADES
IN ANAPHYLAXIS

Overall, a large number of anaphylactic mediators coming from
different cellular sources are released both into the bloodstream and
in localmicroenvironments (Table 1). Thenature of thesemolecules is
very diverse: vasoactive agents, proteases, lipidic particles, cytokines,
chemokines, interleukins, hormones, and neurotransmitters, among
others. In addition, due to the homeostatic imbalance and acute
inflammatory state characteristic of anaphylaxis, complement and
contact/coagulation cascades are involved in thepathophysiologyof
this event leading to the release of numerous intermediate products
(42, 44, 102).

Classically, the best-characterized mediators have been
classified into preformed and newly synthesized. Those stored in
cytoplasmic granules contain highly sulfated polysaccharides
(heparin or other proteoglycans), tryptase, chymase, histamine,
and PAF, being mainly released frommast cells and basophils (22,
24). However, other cellular providers, such as neutrophils or
platelets, also supply key molecular effectors as PAF to the reaction
(103). Molecules derived from arachidonic acid, interleukins,
chemokines, and/or cytokines are also massively released (42,
104, 105). In summary, the diversity of triggers and/or signals
described upstream to the cellular activation induces different
degranulation strategies inmast cells (106). Probably, it also occurs
with other participating cells of the anaphylactic reaction. Into the
downstream signaling following cellular activation, the influx of
mediators causes the recruitment of other immune cells but also
the activation of resident cells that contribute, in turn, with a
multitude of other anaphylactic products amplifying the molecular
and cellular signaling (107, 108).

In relation,multitudes of soluble products fromboth the contact
(bradykinin) and the complement system (C3a, C4a, C5a) are also
released in the pool of mediators (109, 110). The activation of the
coagulation, fibrinolytic, contact, and complement system
pathways is highly involved in anaphylaxis. Peptides C3a, C4a,
and C5a derived from the proteolysis of the C3, C4 and C5
components of the complement system are considered, along IgG
molecules, the main elicitors of non-IgE anaphylactic reactions.
These molecules, often known as anaphylatoxins, induce mast cell
degranulation through its specific receptors on their surface (35).
On the other hand, contact and coagulation/fibrinolytic systems are
closely related to each other and are involved in the so-called non-
immunologic anaphylactic reactions. Coagulation factors such as
kininogen, fibrinogen, and factors V and VII are decreased in
anaphylactic patients (44).

In addition, other molecular players such as extracellular
vesicles (EVs), microRNAs, and metabolites are just starting to
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gain relevance as surrogate biomarkers in anaphylaxis but also
participating in their underlying molecular pathways (13,
111–113).

Altogether, this large variety of molecular signaling pathways
contributes to amplify the number and heterogeneity of
processes occurring in these pathological events.
THE CARDIOVASCULAR SYSTEM

The cellular components of the vascular compartment are both
target and effector resident cells in anaphylaxis. Thus, the
following section expands on the morphological and functional
particularities of the cardiovascular system in order to broaden
its knowledge in anaphylactic reactions. The circulatory system is
composed of a set of interconnected tubular organs that form a
closed circuit in the human body. It is divided into the blood
vascular system, which carries blood, and the lymphoid vascular
system, which transports lymph (114). However, in this review,
we will only focus on the former.

The functions of the blood vascular system are as follows:
transportation of substances entering the body from the external
environment (mainly nutrients and oxygen), transfer of
molecules such as hormones, hydraulic force generation,
regulation of heat, ultrafiltration in the kidney, and defense
through the transport of immune cells and mediators (115).
This circuit is made up of the heart and a number of different
types of vessels that distribute blood to the organs. Elastic arteries
emerge from the heart and branch out to the muscular arteries
and arterioles. The latter give rise to the capillaries, and from
these, venules and veins return blood to the heart (114, 116, 117)
(Figure 2 and Box 1).

All blood vessels have a common structure that is mainly
composed of three layers, i.e., tunica intima, tunica media, and
tunica adventitia (ti, tm, and ta, respectively), but morphological
and functional differences exist between them. The ti consists of a
single and extensive layer of endothelial cells (ECs) that forms a
physical barrier between blood and tissues, allowing the selective
transport of molecules through it (132). This morphological and
functional structure is named the endothelium, and it
participates in a multitude of vital functions such as
modulating coagulation/fibrinolysis, regulating transportation
of inflammatory cells, controlling cellular metabolism,
sustaining homeostasis of resident stem cells, guiding organ
repair, and releasing inflammatory and angiocrine factors (133,
134). The lumen of the endothelium is covered by a set of
proteoglycans and glycoproteins (glycocalyx) which also confer
multifunctional and dynamic properties to this layer (135). Thus,
ti plays a critical role in many physiologic and pathologic
processes and as a result the endothelium is considered an
organ in itself (136). At the cellular level, ECs are very
heterogeneous (137). Their morphology, function, and gene
and antigen composition vary between different organs and
sections of the vasculature (138, 139). For instance, the
capacity of EC to quickly contract in response to inflammatory
and vasoactive mediators leads up to endothelial breakdown,
resulting in increased vascular permeability, which occurs mainly
Frontiers in Immunology | www.frontiersin.org 6
in the microvasculature (37, 140–143). At the molecular level,
two main canonical pathways regulate endothelium stability: the
actin-myosin cytoskeleton and those molecular processes related
to the tight and adherent junctions (144–147).

The next tunica, tm, is located in the middle area of the vessels
determining their diameter and is usually composed of several
layers of vascular smooth muscle cells (VSMCs) and/or elastin
fibers supported mainly by a collagen matrix. VSMCs are
fundamental homeostatic players in different diseases such as
hypertension and atherosclerosis (148, 149). These cells contain
the main molecular machinery to directly regulate the vascular
tone (dilatation and constriction) mainly by changes in their
intracellular Ca2+ (iCa2+) levels. Indirectly and with the main
purpose of maintaining homeostasis, ECs also contribute to
vascular tone modulation via synthesis and release of
vasoactive substances (150, 151). Specifically, the main relaxant
product released by ECs is nitric oxide (NO) (152–154).

The outer layer of the vessel is the ta, which is responsible for
the integrity and resistance to physical stress of the vascular wall.
This layer consists mainly of connective tissue and contains vasa
vasorum. These small vessels irrigate the whole wall of the large
vessel since nutrients and oxygen cannot reach all cells by
diffusion (114, 116, 155–157). In addition, this layer might
present nerve fibers which regulate vascular tone and which
are also altered during pathological processes (158).
CARDIOVASCULAR PATHOPHYSIOLOGY
OF ANAPHYLAXIS

Decades of investigations have demonstrated the importance of
specific interactions between immune and vascular cells in different
diseases (159). In anaphylaxis, the participation of immune cells
leading to the final release of mediators is very well defined (42).
Nevertheless, their impact throughout the vascular niche is less
clear. Both the rupture of the endothelial barrier and vascular tone
disturbances are the essential anomalies observed during this
pathologic event. In addition, phenomena occurring in the chest
cavity (e.g., cardiac arrest, decreased cardiac output, hypoxia) are
present in anaphylactic reactions (Figure 3). Molecularly, the EC-
and VSMC-signaling pathways govern these processes (Figure 4).
A dysfunctional endothelium is the cause of important
cardiovascular diseases such as thrombosis, atherosclerosis, or
hypertension. Even a damaged endothelium has been observed in
patients with mastocytosis (160). Additionally, in acute
inflammatory situations, as it has been observed in COVID-19
disease, ECs contribute as effector cells to the cytokine storm (161).
In addition, the endothelium actively participates in the activation
of the coagulation, contact, and complement in anaphylaxis (44,
162, 163). Therefore, its study is a hot topic and of great importance
for the treatment of several pathologies such as anaphylaxis.

Increased Vascular Permeability and
Endothelial Barrier Breakdown
For years, anaphylaxis has been associated with a concomitant
leakage offluids (164). A highly relevant investigation employing
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indirect measurements of changes in hemoglobin concentration
demonstrated that a transfer of up to 35% of the fluid to the
extracellular space can occur within 10 min of allergen exposure
(165). Another interesting study carried out in mice determined
that histamine-induced vascular permeability associated with
anaphylaxis occurs in postcapillary venules (166). Furthermore,
a recent investigation focusing on humans has shown the
relevance of micro-ECs as the sole responders to anaphylactic
mediators in in vitro vascular permeability (167). The high
extravasation of fluid contributes to edema of the airways and
pulmonary emphysema (168). Specifically, a study including 50
idiopathic anaphylaxis subjects showed that upper airway
obstruction was strongly associated with laryngeal edema,
possibly leading to asphyxia (169). In addition, investigations
based on systemic anaphylaxis using allergic rats observed an
association between interstitial airway vascular leakage and
Frontiers in Immunology | www.frontiersin.org 7
severe bronchoconstriction (170). On the other hand,
angioedema and urticaria, the most common symptoms of
anaphylaxis, involve vascular fluid extravasation and are
characterized by temporary localized swelling (171, 172).
Angioedema can affect all layers of the skin and visceral walls,
such as the respiratory system and the gastrointestinal tract (171,
173, 174). Furthermore, angioedema of the upper airways or
pulmonary edema has been observed in one out of two human
anaphylactic biopsies indicating the necessity to control vascular
permeability (18). Importantly, the endothelial IL-4 receptor a
chain (IL-4Ra) and its underlying signaling appears as relevant
in the gastrointestinal extravasation disturbances associated with
food allergic reactions (175). A recent study carried out in
peanut-challenged anaphylactic patients has shown that most
leakage volume takes place in the gut, contributing to the
appearance of gastrointestinal symptoms (176). Furthermore,
FIGURE 2 | Structure of the vascular tree. The tunica intima (ti) is the inner area of the vessels, which interacts with the content of the lumen and is supported by a
basement membrane surrounded by connective tissue and a fibroelastic layer called the internal elastic lamina (iea, purple color). The tunica media (tm) is composed
of several layers of vascular smooth muscle cells (VSMCs) and elastin fibers supported mainly by a collagen matrix. The tunica adventitia (ta) is formed by collagen,
fibroblasts, and elastin. In red, first big vessels arising from the heart are the elastic arteries (EA). The tm of EA is thick and made up of several elastic sheets
interconnected by elastin cords and smooth muscle fibers. The ta is relatively thin and presents both nerve fibers and vasa vasorum. In the EA branch, the elastic
component begins to be replaced by the muscular one giving rise to the muscular arteries (MA) that present abundant VSMCs. Structurally, their tm is formed of
several layers of VSMCs, including collagen, elastic, and reticular fibers. The continuous bifurcation of MA leads to narrower vessels called arterioles presenting a
robust tm made up of only a few layers of VSMCs. Particularly, their iea is thin and fenestrated and the ta does not present vasa vasorum. Next, capillaries (Cap),
due to their thinness, do not present tunics but can be surrounded by pericytes. In blue, blood returns to the heart through the venous system. Venules (V) are
similar to the Cap and are made up of endothelial cells, a basal lamina, collagen fibers, and pericytes. When these V move away from the Cap, they form the
muscular V, presenting an appreciable tm composed mainly of VSMCs and, occasionally, a ta. Next, the V give rise to veins whose structure presents the three
layers but thinner than arteries’. The ti is similar to the V, a tm composed of a few fibers of VSMCs and a complete ta. Ti, tunica intima; tm, tunica media; ta, tunica
adventitia; iea, internal elastic lamina; EA, elastic arteries; MA, muscular arteries; VSMCs, vascular smooth muscle cells; Cap, capillaries; V, venules.
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BOX 1 | Understanding the structure and function of the main vascular regions.

The heart is an organ located in the central part of the thoracic cavity and made up of two thin-walled atria and two thick-walled ventricles. The right and left parts of the
heart are separated by a septum, so blood from one side does not mix with the other (118). However, the atria and ventricles in both areas contract in a coordinated
manner. The function of this organ is to pump blood so that it may be distributed throughout the vessels in the rest of the body. For this to happen, a sequence of muscular
contractions (systole) and relaxations (diastole) is carried out due to changes in the levels of intracellular calcium in cardiac myocytes, giving rise to the cardiac cycle
(119–121). Increasing evidence indicates that the human heart is a target of cardiac anaphylaxis, and in which human heart mast cells (HHMC) play a key role (122).
Elastic arteries (e.g., aorta, pulmonary artery, carotids) arise from the heart and transport blood to the muscular arteries. In each ventricular systole, the heart pumps a
very large volume of blood, causing distension of the elastic walls, which accumulate the potential energy released during the diastole. Therefore, they push the blood
when the heart is relaxed, acting as a secondary propulsion pump complementing the heart and resulting in a continuous flow (114, 117).
Muscular arteries (e.g., brachial artery, femoral artery) are the most abundant arteries in the human body. They usually appear near the organs, and their function is to
distribute the blood through the different regions of the body since, by contracting their muscular component, they can regulate the size of their lumen (114, 116,
117, 123).
Arterioles are the vessels responsible for regulating blood flow since their muscle fibers modulate the lumen of the vessel (114, 116, 117, 124). Specifically, arterioles have
a precapillary sphincter with a conical shape that also allows blood flow regulation (125).
Capillaries appear behind the sphincters of the arterioles and are the smallest blood vessels (5–10 µM). Due to their thinness, they do not present tunics and are the
organ of the circulatory systemwith the highest level of gas and nutrient exchange. There are three types of capillaries: continuous, fenestrated, and sinusoids according to
the specialized subpopulations of EC (114, 116, 126).
Venules are structurally and functionally similar to the capillaries. The postcapillary venules are the main vessel involved in the extravasation of leukocytes to the tissues.
Here, endothelial junctions are very labile and sensitive to inflammatory mediators, which makes hyperpermeability processes possible (114, 117, 127).
Veins accumulate a larger volume of blood as they have lower pressure than arteries, and the blood is moved by the skeletal muscular system rather than by the heart
(117, 128). They are classified into three types depending on their diameter, which increases as they approach the heart: small (0.1–1 mm), medium (1 mm–1 cm), or large
(>1 cm) (116, 129, 130). Therefore, the venous system has additional venous valves formed by folds of the tunica intima and whose function is to prevent blood reflux (116,
117, 129, 131).
FIGURE 3 | Cardiovascular pathophysiological manifestations in anaphylaxis are sketched according to the main areas/type of vessels/organs corresponding to the
processes affected. 1. Increased fluid extravasation (vascular permeability/leakiness)—microcirculation (capillaries and venules). 2. Profound systemic vasodilation
(decreased peripheral vascular resistance)—peripheral vessels. 3. Vasoconstriction of the thoracic cavity—coronary and pulmonary arteries. 4. Tachycardia, reduced
myocardial contractility and decreased cardiac output—heart. EC, endothelial cells; SMC, smooth muscle cells; VSMCs, vascular smooth muscle cells.
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intestinal extravasation has also been determined in a drug-
induced anaphylactic patient in whom a diffuse edema was
observed (177).

Molecularly, stabilization of the endothelial barrier depends
on a series of connections, such as tight junctions (TJ) and
adherent junctions (AJ). TJs are mainly composed of occludins
and claudins that bind to the actin cytoskeleton and a-catenin.
In AJs, VE-cadherin is the major structural protein, and they
contribute to barrier stabilization by providing mechanical
cohesive strength between ECs (178, 179). Different known
anaphylactic mediators such as histamine and PAF are widely
described as inductors of vascular permeability (46). Their action
through its endothelial receptors activates phospholipase C
(PLC-b) which hydrolyzes phosphatidylinositol 4,5-
bisphosphate (PIP2) to produce two second messengers:
inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG).
IP3 raises intracellular iCa2+ levels stimulating calcium-
regulated mechanisms. This iCa2+ acts, together with DAG, to
activate protein kinase C (PKC) that contributes to the
Frontiers in Immunology | www.frontiersin.org 9
disruption of junctional protein complexes. In addition, iCa2+/
calmodulin (CaM) activates myosin light chain kinase (MLCK)
leading to the phosphorylation of myosin light chain 2 (MLC-2)
and resulting in increased acto-myosin contractility, stress fibers,
and the disruption of the endothelial barrier. In turn, myosin
light chain phosphatase (MLCP) dephosphorylates MLC-2
producing cellular stability. MLCP inhibition is achieved by
Rho kinase (ROCK) activation downstream of the guanine
nucleotide exchange factor, Trio, which initiates the activation
of RhoA (46, 178, 180, 181). In addition, the non-receptor
tyrosine kinases, ABL and Src, are activated in response to
anaphylactic stimuli contributing also to iCa2+ mobilization
and VE-cadherin dissociation (182, 183). Moreover, other
novel endothelial molecules also participate in leakage
processes. The fibroblast growth factor-inducible 14 (Fn14)
receptor, the signal transducer and activator of transcription 3
(STAT3), the peroxisome proliferator-activated receptor (PPAR
b/d), and MALT1 protease activity have been proposed as
therapeutic strategies in allergy and anaphylaxis (84, 175, 183–
A

B

FIGURE 4 | Main intracellular molecular mechanisms in ECs (A) and VSMCs (B) during anaphylaxis. (A) Barrier-stabilizing agents, through adenylate cyclase (AC)
and increased levels of cyclic adenosine monophosphate (cAMP), reinforce the actin cytoskeleton in ECs by reducing vascular permeability. On the other hand, the
action of anaphylactic mediators through G protein–coupled receptors (GPCRs) induces contraction of ECs, destabilizing the endothelial barrier and increasing
vascular permeability by augmenting the cytosolic calcium (Ca2+) concentration and the consequent disruption of intercellular junctions in these cells. (B) NO induces
vasodilation by the activation of guanylate cyclase (GC) in VSMCs, which causes a fall in Ca2+ concentration leading to relaxation of these cells. The mechanism
underlying vasoconstriction is mediated primarily by increased Ca2+, which results in enhanced acto-myosin contractility. EC, endothelial cell; VMSC, vascular smooth
muscle cell; TJ, tight junctions; AJ, adherent junctions; AC, adenylate cyclase; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; Epac1, exchange
factor directly activated by cAMP; Rap1, Ras-related protein 1; Rac1, Ras-related C3 botulinum toxin substrate 1; RhoA, Ras homolog family member A; GPCRs, G
protein–coupled receptors; Ca2+, calcium; PLC-b, phospholipase-C; PIP2, phosphatidylinositol 4;5-bisphosphate; IP3, 1;4;5-trisphosphate; DAG, diacylglycerol;
PKC, protein kinase C; CaM, calmodulin; MLCK, MLC kinase; MLC-2, myosin light chain 2; MLCP, myosin light chain phosphatase; ROCK, Rho kinase; JAK, Janus
kinase; TYK1-2, non-receptor tyrosine-protein kinase 1 and 2; STAT, signal transducer and activator of transcription; Trio, triple functional domain protein; PTEN,
phosphatase and tensin homolog; PI3K, phosphoinositide 3-kinases; Akt, protein kinase B; eNOS, nitric oxide-endothelial synthase; L-arg, L-arginine; NO, nitric
oxide; sGC, soluble guanylate cyclase; cGMP, cyclic-guanidine monophosphate; PKG, protein kinase G.
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185). In addition, recently, a challenge study has demonstrated
the capacity of EVs purified from plasma of anaphylactic patients
to interact with ECs, eliciting vascular permeability and thereby
suggesting that cellular communication between microenvironments
may also be established in anaphylaxis (186).

In contrast, other mediators stabilize the endothelial barrier,
mostly to maintain homeostasis. These barrier-stabilizing agents,
through adenylate cyclase (AC), increase cyclic adenosine
monophosphate (cAMP) levels in ECs. It activates the protein
kinase A (PKA) and guanine nucleotide exchange factors such as
Rac1 which lead to inhibition of the small GTPase RhoA and the
strengthening of the actin cytoskeleton stabilizing the endothelial
barrier (46, 178). Specifically, sphingosine-1-phosphate (S1P)
and prostaglandin D2 (PGD2) are some of these soluble
stabilizing molecules while intracellularly phosphatidylinositol
3-kinase (PI3K-C2a) and the regulator of calcineurin 1 (Rcan1)
have been argued to strengthen the endothelium (187–193).

Vasodilation and Hypotension
Adequate control of peripheral vascular pressure is essential, as it
provides the driving force to pump blood to the organs (194).
Vasodilation is predominantly controlled by the autonomic
nervous response (195). However, anaphylactic mediators can
directly contribute to the loss of the vascular resistance even in
the absence of neural input. Vasodilation has been observed in
anaphylactic patients with severe cardiovascular manifestations
such as hypotension (16, 165, 196). The drop of blood pressure has
been attributed both to fluid extravasation and to loss of vascular
resistance, rather than a direct effect of the myocardium (165).
Specifically, a study points to the action of mediators leading to
vasodilation and increased vascular permeability (197). Therefore,
it remains unclear whether vasodilation is derived from or leads to
fluid leakage in human anaphylaxis. To shed light on this, an
interesting study using an experimental murine model found a
correlation between the increase in vascular permeability and a fall
in blood pressure during early anaphylaxis. This fact suggests that
fluid leakage may act as a precursor of hypotension and have
shared molecular mechanisms (198). On the other hand,
vasodilation causes excessive venous blood accumulation due to
the significant reduction in venous return that occurs during
anaphylaxis (199). It is consequent to think that veins, which are
the reservoirs of blood in the body, undergo serious functional
impairment during this event. Specifically, hemodynamic
monitoring in a clinical case of anaphylactic reaction to
penicillin indicated a reduction in cardiac output owing to this
decrease in venous return (200). Therefore, the impact of the
altered flow leads to cardiac compromise and suggests that veins
are an important niche to study (199, 201).

In anaphylaxis, the main anaphylactic mediators not only play
a role in vascular permeability but also regulate the tone of the
vessel. At the cellular and molecular levels, the activation of the
endothelial nitric synthase (eNOS) and the underlying production
of NO have been probably characterized as the most harmful
vasodilator and hypotensive factor (187, 202–204). This molecule
induces vasodilation by the activation of soluble guanylate cyclase
(sGC) in VSMCs, causing increased formation of cyclic-guanidine
monophosphate (cGMP). Subsequently, it activates protein kinase
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G (PKG), which causes a fall in iCa2+ concentration, ensuring that
MLCK can no longer phosphorylate MLC-2 and leading to
relaxation of the VSMCs and vasodilation. Furthermore, NO
activates MLCP and, by dephosphorylating MLC-2, causes
additional relaxing effects (46, 204). Anaphylactic patients with
respiratory manifestations associate with increased levels of
exhaled NO (205). In addition, this mediator could act as a
regulator of microvascular permeability (152–154). Therefore,
the endothelium participates in modulating the resistance of the
vessels and VSMCs contribute to maintaining a correct vascular
tone and the consequent homeostasis. Furthermore, other
mediators with vasodilator capacity have been described in this
context. In the case of histamine, its contractile and dilating effects
depend on the expression and activity of the histamine receptors
located on both ECs and VSMCs (206, 207). Tryptase modulates
vasodilation through calcitonin genes and by the release of
neuromodulators such as substance P (208–210). Bradykinin, a
hypotensive factor released during anaphylaxis as a result of
contact system activation, leads to vasodilation and associates
with laryngeal edema (109).

Vasoconstriction
The regulation of the vascular system presents a dilemma because a
third block of important circulatory disturbances may also appear in
anaphylaxis. Severe reactions seem to present vasoconstriction of
the vessels in the thoracic cavity leading to cardiac arrest (211). The
coronary and pulmonary arteries are the primary vessels susceptible
to contraction (150, 212). However, constrictive processes carried
out by the main underlying anaphylactic mediators are neither
clearly described nor studied in human anaphylaxis (213–216),
except increased serum troponin that is observed in Kounis
syndrome and Takotsubo cardiomyopathy (211). Therefore, due
to the obvious complications of studying these processes in
emergency situations, most of the available evidence is based on
animal studies. Vasoconstriction of the pulmonary artery has been
associated with right ventricular failure in animal models, favoring
the circulatory collapse seen in anaphylaxis (217). On the other
hand, left ventricular dysfunction has been related to coronary
vasoconstriction in a rat model (218). Additionally, another rat
model of anaphylaxis revealed increased portal venous resistance
and, therefore, hepatic vasoconstriction (219). There is also a
contraction of the bronchial tree that hinders gas exchange in the
alveoli, generating hypoxia. This fact, in turn, supports the
constriction of the pulmonary circulation compromising
the entire vascular system and has been associated with
bronchospasm and death in guinea pigs (220, 221). Therefore, in
anaphylaxis, vasoconstriction of pulmonary and coronary arteries
contributes to the reduction of myocardial contractility and may be
a major cause of death (196, 211, 212).

Underlying mechanisms to vasoconstriction are mostly
mediated by increased iCa2+ which activates MLCK leading to
the phosphorylation of MLC-2 and resulting in increased acto-
myosin contractility (148).

Anaphylactic Shock
The previous described pathophysiological manifestations
(increased endothelial permeability, peripheral vasodilation,
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and thoracic cavity constriction) alter blood flow, resulting in
impaired vascular homeostasis, which may lead to anaphylactic
shock (171, 197).

The exacerbated fluid extravasation, in combination with the
loss of peripheral vascular resistance, reduces venous return to
the heart. In addition, the blood flow is removed from surface
areas, reducing oxygen demands and delivering it to vital organs,
thereby decreasing body temperature. However, it is insufficient
to satisfy the metabolic demands of the human organism. On the
other hand, constriction of pulmonary arteries, together with the
effect of tightened airway smooth muscle, leads to reduced
oxygen uptake. Therefore, to make up for this lack of oxygen
in the body, breathing becomes rapid and deep and the heart rate
increases (tachycardia). However, a second phase characterized
by bradycardia occurs because this organ cannot remedy the
influence of the previous manifestations of this pathological
event, causing cardiac collapse and death of the patient (171,
201, 222, 223).
MEMBRANE RECEPTORS
IN ANAPHYLAXIS

A wide variety of soluble mediators have been proposed as
participants of the anaphylaxis pathophysiology (46, 71). The
majority of these molecules are ligands for the largest group of
membrane receptors which are those linked to heterotrimeric G
proteins (GPCRs). Additionally, they have been implicated in a
variety of diseases (224–226). However, GPCR downstream
signaling pathways are not well characterized for every
anaphylactic mediator, although their impact on vascular
permeability and vasodilation is well established (Table 2).

In this sense, most of the studies have mainly been carried out in
experimental models (37). Specifically, anaphylactic shock
depending on endothelial Gq/G11 was characterized in mice (247).
TREATMENT

To date, the first-line and most effective anaphylaxis treatment is
intramuscular administration of adrenaline/epinephrine (245). It
is indicated after recognition of symptoms due to its ability to
directly remedy alterations in the cardiovascular system caused
by the reaction. Its administration prevents cardiovascular
collapse and enhances blood flow during anaphylactic shock
(12, 248, 249). Mechanistically, this drug resolves anaphylaxis via
its different adrenergic receptors (Figure 5). Epinephrine exerts
its vasoconstrictor action through a-adrenergic receptors on
VSMCs. Its activation causes stimulation of PLC-b, which
cleaves PIP2 into DAG and IP3. This increased intracellular
IP3 binds to its receptors, leading to higher iCa2+ levels and
subsequent myosin phosphorylation (250, 251). The result of this
pathway is a peripheral vasoconstriction that reverses peripheral
vasodilation alleviating hypotension and reducing edema (252,
253). On the other hand, epinephrine, through b-adrenergic
receptors and subsequent Ga(s) activation, results in enhanced
Frontiers in Immunology | www.frontiersin.org 11
AC activity, which promotes cAMP formation and the stability
of the ECs barrier (254). In addition, through b1 receptors it
increases heart rate and its force of contraction, while b2
receptor-mediated action restores bronchoconstriction and
reduces the release of inflammatory mediators by the main
immune effector cells, mast cells, and basophils (251, 252, 255).
In bronchial smooth muscle cells (BSMCs), epinephrine restores
its constriction through the b2-adrenergic receptor. cAMP
production activates PKA, which phosphorylates and
inactivates the MLCK. These facts stop the downstream signal
for contraction and thus relax BSMCs (251). However, this drug
administration is not always effective and patients may still die.

Epinephrine would be ineffective in cardiopathy patients
receiving b-blockers, and glucagon is occasionally administered.
The action of this drug is not mediated by adrenergic receptors
and allows reversal of refractory hypotension and bronchospasm
(1, 249). Moreover, there are other complementary therapies
which may be useful but should never replace the first-line
treatment. These include supplemental oxygen, b2-agonists to
reverse bronchospasm, intravenous crystalloid solutions to
restore circulatory volume, antihistamines to control cutaneous
symptoms, and glucocorticosteroids to prevent biphasic reactions
and reduce inflammation (256).

Currently, various investigations on potential alternative drugs
for the treatment of anaphylaxis are being conducted, although
they are not implemented in clinical routine yet. Methylene blue is
an inhibitor of NO pathways and has been reported to be a safe
medication for refractory hypotension underlying anaphylactic
shock (257). On the other hand, sugammadex, a g-cyclodextrin,
has been shown to encapsulate and inactivate neuromuscular
blocking agents, which may be triggers of this pathological
event. However, its usefulness remains controversial since a
recent study of perioperative anaphylaxis treated with this drug
concluded that it did not modify the reaction (258). In addition,
promising results have been obtained from mouse models where
PAF antagonists have been shown to mitigate the severity and
duration of anaphylaxis (259).

Otherwise, desensitization interventions have been proposed for
the long-term treatment and prevention of anaphylaxis (260).
Specifically, biological agents are emerging as a potential adjuvant
for this process (36, 261). Among them, omalizumab, a monoclonal
antibody against IgE, has been shown to be a successful treatment in
reducing the number and severity of anaphylactic reactions (262). In
addition, several therapies are appearing for the prevention of food-
induced anaphylaxis. These are aimed to modulate specific immune
pathways in different ways, such as antibodies against the main
cytokines involved in the response (anti-IL-33, anti-IL-5, etc.) or
immunotherapies to polarize the Th2 response characteristic of
allergic reactions to Th1 and T regulatory (Treg) ones through toll-
like receptor (TLR) agonists (TLR4 and TLR9), nanoparticles,
probiotics, or IFNg, among others (263–265).
CONCLUSIONS

Understanding the extent of human vessels in anaphylaxis is
the challenge we have taken on in this study. Although the
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vascular system functions as a whole, specific features are
identified in the different types of vessels. Their specialization
is based on the morphology, functionality, and molecular
signaling pathways of the vascular cells composing those
regions (138). Therefore, expanding the knowledge of human
vessels in anaphylaxis is crucial to implementing tools based on
their underlying molecular mechanisms. It would help to
achieve better quality of acute and long-term clinical
management of anaphylactic patients.

For years, the classic cellular and molecular mechanism
described for anaphylaxis has been the cross-linking of
FcϵRI-bound allergen–IgE complexes activating mast cells/
basophils and the consequent release of mediators (5). More
recent studies shed light about the relevance of other immune
effector cells in anaphylaxis such as monocytes, macrophages,
neutrophils, eosinophils, and platelets (266). Unfortunately,
most of this evidence is based on murine models but
knowledge about its involvement in human anaphylaxis still
remains scarce (12). Due to the features of these innate
immune cells, the main research focus in molecular
anaphylaxis is on the immune system. However, anaphylaxis
is a systemic reaction in which several organs and systems are
involved. Therefore, simultaneously to the inflammatory
response, the vasculature actively participates in such
pathophysiological process. Epinephrine is the treatment of
choice to palliate anaphylactic symptoms accordingly to
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guidelines (245). It is the “safeguard” molecule which
triggers both endogenous and exogenous mechanisms
through its adrenergic receptors (1). Therefore, the
downstream signaling pathways of these receptors involve a
dual behavior (constriction and relaxation processes) in
vascular and bronchial smooth muscle cells. In addition,
both cell types, either located within the vessel wall or
conforming to organs, would relate to the variety of clinical
consequences and the severity grade of the reactions.

In this context, the wide endothelium surface would also be
contributing differentially to the pathophysiology of the
anaphylaxis. The endothelium arises as an important organ-cell
like in anaphylaxis playing a role not only in the control of fluids
and the vascular tone but also as an activation surface for the
coagulation, contact, and complement systems (44, 162, 163).
Moreover, ECs release relevant anaphylactic mediators such as
NO, although it is likely that other molecules (presumably
cytokines or interleukins) could also be released contributing
to the pool of mediators in the reaction. However, the exact
contribution of these cells as provider of mediators to the
anaphylactic cellular microenvironments existing between
immune and resident niches is unknown.

Altogether, we can summarize that the permeable and/or
vasomotor capacity of the different anaphylactic mediators
(NO, tryptase, histamine, bradykinin, or a multitude of other
scarce or unknown ones) would determine the magnitude of
TABLE 2 | Main vascular GPCRs in anaphylaxis.

Mediators Receptors Vascular permeability Vasodilation/
Hypotension

Vasoconstriction References

Histamine HR1 (Gaq/11) X X X (181, 206, 207, 227–229)
HR2 (Gas) X X X

PAF PAF-R (Gaq/11) X X X (24, 230, 231)

Tryptase PAR2 (Gaq/11) X X X (208, 232, 233)

LTB4, LTC4, LTD4,
LTE4

CysLT1R (Gaq/11) CysLT2R (Gaq/11) X
X

X
X

X
X

(234–236)

PGD2 DP (Gas) X X (71, 192)

PGE2 EP1 (Gaq/11) X X (237)
EP2 (Gas) X X
EP4 (Gas) X X

PGF2 FP (Gaq/11) X (238)

TXA2 TP (Gaq/11) X (238)

Bradykinin BR1 (Gaq/11) X X X (109, 163, 239)
BR2 (Gai) X X X

S1P S1PR1 (Gai) X X (187, 189, 190, 240, 241
S1PR2 (Gai/o, Gaq/11, Ga12/13) X X
S1PR3 (Gai/o, Gaq/11, Ga12/13) X X

C3a C3aR (Gaq/11) X X X (242–244)
C5a C5aR (Gai) X X X

Epinephrine a1AR (Gaq/11) X X (245, 246)
a2AR (Gai) X X

b2AR (Gas) X X
March 2022 | V
The processes affected by those most described anaphylactic mediators are listed. They signal through different G protein-coupled receptors (GPCRs) which address their intracellular
signaling through different pathways that ultimately lead to the main cardiovascular alterations in anaphylaxis (vascular permeability, vasodilation/hypotension, or constrictive processes).
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the anaphylactic events. Furthermore, the role of their receptors
(GPCRs) in human anaphylaxis is not yet fully understood, but
they result to be essential in preventing or inducing vascular
effects. Therefore, GPCRs are the most promising therapeutic
targets of study nowadays and the degree of responsiveness of
ECs and VSMCs is an important factor to determine
in anaphylaxis.

Due to the complexity to investigate in human subjects the
cellular and molecular mechanisms of anaphylaxis, the
improvement and reproducibility of animal—or in vitro
human—models is necessary. This fact is one of the major
limitations to study this pathological event. A big piece of the
literature around it derives from animal models. For that reason,
conclusions must be taken cautelous when translated at human
reactions. Strategies based on functional in vitro studies by using
human cell cultures combined with sera would provide clues
about cellular and molecular happenings occurring in specific
anaphylactic microenvironments. Therefore, abundant
investigations are aimed at finding vascular targets revealing
future alternative strategies to treat or prevent anaphylaxis.
Efforts must be focused on alternative therapies called to
specifically modulate the whole or parts of the vascular system
Frontiers in Immunology | www.frontiersin.org 13
that benefit the clinical management of these life-threatening
events in the near future.
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FIGURE 5 | Epinephrine regulates vascular permeability and resistance. (A) Epinephrine promotes EC barrier stability through b-adrenergic receptors. (B) In addition,
b2-adrenergic receptors regulate the inhibition of degranulation of mediators released by the effector cells of the immune system, mast cells (MCs), and basophils (BAS).
(C) In bronchial smooth muscle cells (BMSCs), epinephrine restores bronchoconstriction by relaxing the contraction signal, whereas in VSMCs it exerts a vasoconstrictor
action via a-adrenergic receptors. AC, adenylate cyclase; cAMP, cyclic adenosine monophosphate; Epac1, exchange factor directly activated by cAMP; Rac1, Ras-
related C3 botulinum toxin substrate 1; RhoA, Ras homolog family member A; EC, endothelial cell; MCs, mast cells; BAS, basophils; BSMC, bronchial smooth muscle
cells; PKA, protein kinase A; MLCK, MLC kinase; MLC-2, myosin light chain 2; MLCP, myosin light chain phosphatase; VMSC, vascular smooth muscle cell; PLC-b,
phospholipase-C; PIP2, phosphatidylinositol 4;5-bisphosphate; DAG, diacylglycerol; IP3, 1;4;5-trisphosphate; Ca2+, calcium; CaM, calmodulin.
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van der Zwan JK. Insect-Sting Challenge in 138 Patients: Relation Between
Clinical Severity of Anaphylaxis and Mast Cell Activation. J Allergy Clin
Immunol (1992) 90(1):110–8. doi: 10.1016/s0091-6749(06)80017-5

24. Vadas P, Perelman B, Liss G. Platelet-Activating Factor, Histamine, and
Tryptase Levels in Human Anaphylaxis. J Allergy Clin Immunol (2013) 131
(1):144–9. doi: 10.1016/j.jaci.2012.08.016

25. Galli SJ. The Mast Cell-IgE Paradox: From Homeostasis to Anaphylaxis. Am
J Pathol (2016) 186(2):212–24. doi: 10.1016/j.ajpath.2015.07.025

26. Stone KD, Prussin C, Metcalfe DD. IgE, Mast Cells, Basophils, and Eosinophils. J
Allergy Clin Immunol (2010) 125(2):S73–80. doi: 10.1016/j.jaci.2009.11.017

27. Siracusa MC, Kim BS, Spergel JM, Artis D. Basophils and Allergic
Inflammation. J Allergy Clin Immunol (2013) 132(4):789–8. doi: 10.1016/
j.jaci.2013.07.046

28. Savage JH, Courneya JP, Sterba PM, Macglashan DW, Saini SS, Wood RA.
Kinetics of Mast Cell, Basophil, and Oral Food Challenge Responses in
Omalizumab-Treated Adults With Peanut Allergy. J Allergy Clin Immunol
(2012) 130(5):1123–29.e2. doi: 10.1016/j.jaci.2012.05.039

29. Korosec P, Turner PJ, Silar M, Kopac P, Kosnik M, Gibbs B, et al. Basophils,
High-Affinity IgE Receptors, and CCL2 in Human Anaphylaxis. J Allergy
Clin Immunol (2017) 140(3):750–8.e15. doi: 10.1016/j.jaci.2016.12.989

30. Galli SJ, Tsai M. IgE and Mast Cells in Allergic Disease. Nat Med (2012) 18
(5):693–704. doi: 10.1038/nm.2755

31. Golden DBK, Tracy JM, Freeman TM, Hoffman DR. Insect Committee of
the American Academy of Allergy, Asthma and Immunology. Negative
Venom Skin Test Results in Patients With Histories of Systemic Reaction to
a Sting. J Allergy Clin Immunol (2003) 112(3):495–8. doi: 10.1016/s0091-
6749(03)01537-9

32. Hoffman DR. Fatal Reactions to Hymenoptera Stings. Allergy Asthma Proc
(2003) 24(2):123–7.

33. Finkelman FD, Khodoun MV, Strait R. Human IgE-Independent Systemic
Anaphylaxis. J Allergy Clin Immunol (2016) 137(6):1674–80. doi: 10.1016/
j.jaci.2016.02.015

34. Muñoz-Cano R, Picado C, Valero A, Bartra J. Mechanisms of Anaphylaxis
Beyond IgE. J Investig Allergol Clin Immunol (2016) 26(2):73–82.
doi: 10.18176/jiaci.0046

35. Cianferoni A. Non-IgE-Mediated Anaphylaxis. J Allergy Clin Immunol
(2021) 147(4):1123–31. doi: 10.1016/j.jaci.2021.02.012

36. Jimenez-Rodriguez TW, Garcia-Neuer M, Alenazy LA, Castells M.
Anaphylaxis in the 21st Century: Phenotypes, Endotypes, and Biomarkers.
J Asthma Allergy (2018) 11:121–42. doi: 10.2147/JAA.S159411

37. Finkelman FD. Anaphylaxis: Lessons From Mouse Models. J Allergy Clin
Immunol (2007) 120(3):506–515; quiz 516-517. doi: 10.1016/
j.jaci.2007.07.033

38. Gillis CM, Jönsson F, Mancardi DA, et al. Mechanisms of Anaphylaxis in
Human Low-Affinity IgG Receptor Locus Knock-in Mice. J Allergy Clin
Immunol (2017) 139(4):1253–65.e14. doi: 10.1016/j.jaci.2016.06.058

39. Galli SJ, Franco CB. Basophils are Back! Immunity (2008) 28(4):495–7.
doi: 10.1016/j.immuni.2008.03.010

40. Karasuyama H, Tsujimura Y, Obata K, Mukai K. Role for Basophils in
Systemic Anaphylaxis. Chem Immunol Allergy (2010) 95:85–97.
doi: 10.1159/000315939

41. Kow ASF, Chik A, Soo KM, Khoo LW, Abas F, Tham CL. Identification of
Soluble Mediators in IgG-Mediated Anaphylaxis. via Fcg Receptor: A Meta-
Analysis Front Immunol (2019) 10:190. doi: 10.3389/fimmu.2019.00190

42. Ogawa Y, Grant JA. Mediators of Anaphylaxis. Immunol Allergy Clin North
Am (2007) 27(2):249–260, vii. doi: 10.1016/j.iac.2007.03.013

43. Jönsson F, Mancardi DA, Kita Y, Karasuyama H, Iannascoli B, Van Rooijen
N, et al. Mouse and Human Neutrophils Induce Anaphylaxis. J Clin Invest
(2011) 121(4):1484–96. doi: 10.1172/JCI45232
March 2022 | Volume 13 | Article 836222

https://doi.org/10.1016/j.waojou.2020.100472
https://doi.org/10.1016/j.waojou.2020.100472
https://doi.org/10.1016/j.amjmed.2016.07.018
https://doi.org/10.1016/j.amjmed.2016.07.018
https://doi.org/10.1186/s13223-018-0234-0
https://doi.org/10.1186/s13223-018-0234-0
https://doi.org/10.1016/j.jaci.2017.06.012
https://doi.org/10.1016/j.jaci.2017.06.012
https://doi.org/10.23822/EurAnnACI.1764-1489.133
https://doi.org/10.1159/000339749
https://doi.org/10.1016/j.jaip.2018.01.006
https://doi.org/10.1016/j.jaci.2007.05.001
https://doi.org/10.1016/j.jaip.2021.03.011
https://doi.org/10.1016/j.jaci.
2021.08.007
https://doi.org/10.1016/j.jaci.
2021.08.007
https://doi.org/10.1016/j.jaci.2017.06.003
https://doi.org/10.1111/pai.13518
https://doi.org/10.1111/pai.13518
https://doi.org/10.1186/s13223-018-0283-4
https://doi.org/10.1136/adc.2004.069914
https://doi.org/10.1016/j.jaci.2021.01.003
https://doi.org/10.1016/j.jaci.2021.01.003
https://doi.org/10.1097/ACI.0b013e3283481ab6
https://doi.org/10.1007/s12024-019-00134-1
https://doi.org/10.1007/s12024-019-00134-1
https://doi.org/10.1111/cea.12748
https://doi.org/10.1016/j.jaip.2017.06.031
https://doi.org/10.1016/j.jaci.2009.12.981
https://doi.org/10.1007/s12016-019-08769-2
https://doi.org/10.1016/s0091-6749(06)80017-5
https://doi.org/10.1016/j.jaci.2012.08.016
https://doi.org/10.1016/j.ajpath.2015.07.025
https://doi.org/10.1016/j.jaci.2009.11.017
https://doi.org/10.1016/j.jaci.2013.07.046
https://doi.org/10.1016/j.jaci.2013.07.046
https://doi.org/10.1016/j.jaci.2012.05.039
https://doi.org/10.1016/j.jaci.2016.12.989
https://doi.org/10.1038/nm.2755
https://doi.org/10.1016/s0091-6749(03)01537-9
https://doi.org/10.1016/s0091-6749(03)01537-9
https://doi.org/10.1016/j.jaci.2016.02.015
https://doi.org/10.1016/j.jaci.2016.02.015
https://doi.org/10.18176/jiaci.0046
https://doi.org/10.1016/j.jaci.2021.02.012
https://doi.org/10.2147/JAA.S159411
https://doi.org/10.1016/j.jaci.2007.07.033
https://doi.org/10.1016/j.jaci.2007.07.033
https://doi.org/10.1016/j.jaci.2016.06.058
https://doi.org/10.1016/j.immuni.2008.03.010
https://doi.org/10.1159/000315939
https://doi.org/10.3389/fimmu.2019.00190
https://doi.org/10.1016/j.iac.2007.03.013
https://doi.org/10.1172/JCI45232
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Nuñez-Borque et al. The Vascular System in Anaphylaxis
44. Guilarte M, Sala-Cunill A, Luengo O, Labrador-Horrillo M, Cardona V. The
Mast Cell, Contact, and Coagulation System Connection in Anaphylaxis.
Front Immunol (2017) 8:846. doi: 10.3389/fimmu.2017.00846

45. Rubin LE, Levi R. Protective Role of Bradykinin in Cardiac Anaphylaxis.
Coronary-Vasodilating and Antiarrhythmic Activities Mediated by
Autocrine/Paracrine Mechanisms. Circ Res (1995) 76(3):434–40.
doi: 10.1161/01.res.76.3.434

46. Nguyen SMT, Rupprecht CP, Haque A, Pattanaik D, Yusin J, Krishnaswamy
G. Mechanisms Governing Anaphylaxis: Inflammatory Cells, Mediators,
Endothelial Gap Junctions and Beyond. Int J Mol Sci (2021) 22(15):7785.
doi: 10.3390/ijms22157785

47. Russo D, Minutolo R, Clienti C, De Nicola L, Iodice C, Savino FA, et al.
Endothelin-1 Released by Vascular Smooth Muscle Cells Enhances Vascular
Responsiveness of Rat Mesenteric Arterial Bed Exposed to High Perfusion
Flow. Am J Hypertens (1999) 12(11 Pt 1):1119–23. doi: 10.1016/s0895-7061
(99)00085-0

48. Lambden S, Creagh-Brown BC, Hunt J, Summers C, Forni LG. Definitions
and Pathophysiology of Vasoplegic Shock. Crit Care (2018) 22(1):174.
doi: 10.1186/s13054-018-2102-1

49. Reid AC, Silver RB, Levi R. Renin: At the Heart of the Mast Cell. Immunol
Rev (2007) 217:123–40. doi: 10.1111/j.1600-065X.2007.00514.x

50. Kawakami T, Mitsuhata H, Saitoh J, Takeuchi H, Hasome N, Hiruta M, et al.
Hypotension Associated With Systemic Aggregated Anaphylaxis is Not
Attenuated by a Selective Endothelin-A Receptor Antagonist, BQ 610, in
Rabbits. vivo J Anesth (2003) 17(1):22–9. doi: 10.1007/s005400300004

51. Watts MM, Marie Ditto A. Anaphylaxis. Allergy Asthma Proc (2019) 40
(6):453–6. doi: 10.2500/aap.2019.40.4270

52. Beck SC, Wilding T, Buka RJ, Baretto RL, Huissoon AP, Krishna MT.
Biomarkers in Human Anaphylaxis: A Critical Appraisal of Current
Evidence and Perspectives. Front Immunol (2019) 10:494. doi: 10.3389/
fimmu.2019.00494

53. Burster T, Gärtner F, Knippschild U, Zhanapiya A. Activity-Based Probes to
Utilize the Proteolytic Activity of Cathepsin G in Biological Samples. Front
Chem (2021) 9:628295. doi: 10.3389/fchem.2021.628295

54. Tralau T, Meyer-Hoffert U, Schröder JM, Wiedow O. Human Leukocyte
Elastase and Cathepsin G are Specific Inhibitors of C5a-Dependent
Neutrophil Enzyme Release and Chemotaxis. Exp Dermatol (2004) 13
(5):316–25. doi: 10.1111/j.0906-6705.2004.00145.x

55. van der Heijden J, Geissler J, van Mirre E, van Deuren M, van der Meer JW,
Salama A, et al. A Novel Splice Variant of Fcgriia: A Risk Factor for
Anaphylaxis in Patients With Hypogammaglobulinemia. J Allergy Clin
Immunol (2013) 131(5):1408–16.e5. doi: 10.1016/j.jaci.2013.02.009

56. Jönsson F, Mancardi DA, Albanesi M, Bruhns P. Neutrophils in Local and
Systemic Antibody-Dependent Inflammatory and Anaphylactic Reactions.
J Leukoc Biol (2013) 94(4):643–56. doi: 10.1189/jlb.1212623

57. Ono E, Taniguchi M, Mita H, Fukutomi Y, Higashi N, Miyazaki E, et al.
Increased Production of Cysteinyl Leukotrienes and Prostaglandin D2
During Human Anaphylaxis. Clin Exp Allergy (2009) 39(1):72–80.
doi: 10.1111/j.1365-2222.2008.03104.x

58. Braune S, Küpper JH, Jung F. Effect of Prostanoids on Human Platelet
Function: An Overview. Int J Mol Sci (2020) 21(23):E9020. doi: 10.3390/
ijms21239020

59. Muñoz-Cano RM, Casas R, Araujo G, de la Cruz C, Martin M, Roca-Ferrer J,
et al. Prostaglandin E2 Decreases Basophil Activation in Patients With Food-
Induced Anaphylaxis. Allergy (2021) 76(5):1556–9. doi: 10.1111/all.14615

60. Schulman ES, Newball HH, Demers LM, Fitzpatrick FA, Adkinson NF.
Anaphylactic Release of Thromboxane A2, Prostaglandin D2, and
Prostacyclin From Human Lung Parenchyma. Am Rev Respir Dis (1981)
124(4):402–6. doi: 10.1164/arrd.1981.124.4.402

61. McManus LM, Shaw JO, Pinckard RN. Thromboxane B2 (TxB2) Release
During IgE Anaphylaxis in the Rabbit. J Immunol (1980) 125(5):1950–4.

62. Peters SP, Schleimer RP, Naclerio RM, MacGlashan DW Jr, Togias AG,
Proud D, et al. The Pathophysiology of Human Mast Cells. In Vitro and In
Vivo Function. Am Rev Respir Dis (1987) 135(5):1196–200. doi: 10.1164/
arrd.1987.135.5.1196

63. Burka JF, Garland LG. A Possible Modulatory Role for Prostacyclin (PGI2)
INIgGa-Induced Release of Slow-Reacting Substance of Anaphylaxis in Rats.
Br J Pharmacol (1977) 61(4):697–9. doi: 10.1111/j.1476-5381.1977.tb07564.x
Frontiers in Immunology | www.frontiersin.org 15
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Risk for Severe Anaphylaxis Associated With Increased a-Tryptase-
Encoding Germline Copy Number at TPSAB1. J Allergy Clin Immunol
(2021) 147(2):622–32. doi: 10.1016/j.jaci.2020.06.035

233. Kempkes C, Buddenkotte J, Cevikbas F, Buhl T, Steinhoff M. PAR-2 in
Neuroimmune Communication and Itch, in: Itch: Mechanisms and
Treatment. Frontiers in Neuroscience (2014). CRC Press/Taylor & Francis.
Frontiers in Immunology | www.frontiersin.org 19
Available at: http://www.ncbi.nlm.nih.gov/books/NBK200911/ (Accessed
November 30, 2021).

234. Walch L, Norel X, Gascard JP, Brink C. Functional Studies of Leukotriene
Receptors in Vascular Tissues(2000) (Accessed 161(2 Pt 2)).

235. Hui Y, Cheng Y, Smalera I, Jian W, Goldhahn L, Fitzgerald GA, et al.
Directed Vascular Expression of Human Cysteinyl Leukotriene 2 Receptor
Modulates Endothelial Permeability and Systemic Blood Pressure.
Circulation (2004) 110(21):3360–6. doi: 10.1161/01.CIR.0000147775.
50954.AA

236. Maekawa A, Austen KF, Kanaoka Y. Targeted Gene Disruption Reveals the
Role of Cysteinyl Leukotriene 1 Receptor in the Enhanced Vascular
Permeability of Mice Undergoing Acute Inflammatory Responses. J Biol
Chem (2002) 277(23):20820–4. doi: 10.1074/jbc.M203163200

237. Rastogi S, Willmes DM, Nassiri M, Babina M, Worm M. PGE2 Deficiency
Predisposes to Anaphylaxis by Causing Mast Cell Hyperresponsiveness. J Allergy
Clin Immunol (2020) 146(6):1387–96.e13. doi: 10.1016/j.jaci.2020.03.046
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C5a Receptor in a Fatal Anaphylaxis After Honey Bee Sting. J Forensic Sci
(2011) 56(2):526–8. doi: 10.1111/j.1556-4029.2010.01681.x

244. Schraufstatter IU, Trieu K, Sikora L, Sriramarao P, DiScipio R. Complement
C3a and C5a Induce Different Signal Transduction Cascades in Endothelial
Cells. J Immunol (2002) 169(4):2102–10. doi: 10.4049/jimmunol.169.4.2102

245. Kemp SF, Lockey RF, Simons FERWorld Allergy Organization ad hoc
Committee on Epinephrine in Anaphylaxis. Epinephrine: The Drug of
Choice for Anaphylaxis. A Statement of the World Allergy Organization.
Allergy (2008) 63(8):1061–70. doi: 10.1111/j.1398-9995.2008.01733.x

246. Simons KJ, Simons FER. Epinephrine and Its Use in Anaphylaxis: Current
Issues. Curr Opin Allergy Clin Immunol (2010) 10(4):354–61. doi: 10.1097/
ACI.0b013e32833bc670

247. Korhonen H, Fisslthaler B, Moers A, Wirth A, Habermehl D, Wieland T,
et al. Anaphylactic Shock Depends on Endothelial Gq/G11. J Exp Med (2009)
206(2):411–20. doi: 10.1084/jem.20082150

248. Simons FER, Ebisawa M, Sanchez-Borges M, Thong BY, Worm M, Tanno
LK, et al. 2015 Update of the Evidence Base: World Allergy Organization
Anaphylaxis Guidelines. World Allergy Organ J (2015) 8(1):32. doi: 10.1186/
s40413-015-0080-1

249. Kemp AM, Kemp SF. Pharmacotherapy in Refractory Anaphylaxis: When
Intramuscular Epinephrine Fails. Curr Opin Allergy Clin Immunol (2014) 14
(4):371–8. doi: 10.1097/ACI.0000000000000080

250. Nagano K, Kwon C, Ishida J, Hashimoto T, Kim JD, Kishikawa N, et al.
Cooperative Action of APJ and a1a-Adrenergic Receptor in Vascular
Smooth Muscle Cells Induces Vasoconstriction. J Biochem (2019) 166
(5):383–92. doi: 10.1093/jb/mvz071

251. Motiejunaite J, Amar L, Vidal-Petiot E. Adrenergic Receptors and
Cardiovascular Effects of Catecholamines. Ann Endocrinol (Paris) (2021)
82(3-4):193–7. doi: 10.1016/j.ando.2020.03.012

252. Ring J, Klimek L, Worm M. Adrenaline in the Acute Treatment of
Anaphylaxis. Dtsch Arztebl Int (2018) 115(31-32):528–34. doi: 10.3238/
arztebl.2018.0528
March 2022 | Volume 13 | Article 836222

https://doi.org/10.21037/atm.2018.09.05
https://doi.org/10.1007/BF00000029
https://doi.org/10.1016/s0091-6749(05)80241-6
https://doi.org/10.1016/j.alit.2014.09.001
https://doi.org/10.2217/clp.10.11
https://doi.org/10.1161/CIRCRESAHA.117.310978
https://doi.org/10.3109/01902148.2013.768720
https://doi.org/10.5603/CJ.a2013.0047
https://doi.org/10.1016/j.ejphar.2007.07.046
https://doi.org/10.1111/j.1398-9995.1963.tb03176.x
https://doi.org/10.1084/jem.12.2.151
https://doi.org/10.1016/j.chest.2017.07.033
https://doi.org/10.1152/ajpheart.1991.260.2.H305
https://doi.org/10.1152/physrev.00003.2005
https://doi.org/10.1152/physrev.00003.2005
https://doi.org/10.1038/nrm908
https://doi.org/10.1016/j.jmb.2016.08.002
https://doi.org/10.1016/s0091-6749(05)80223-4
https://doi.org/10.1016/s0091-6749(05)80223-4
https://doi.org/10.1111/all.12227
https://doi.org/10.1097/00005344-198307000-00004
https://doi.org/10.1016/j.anai.2016.05.003
https://doi.org/10.1152/physrev.2000.80.4.1669
https://doi.org/10.1016/j.jaci.2020.06.035
http://www.ncbi.nlm.nih.gov/books/NBK200911/
https://doi.org/10.1161/01.CIR.0000147775.50954.AA
https://doi.org/10.1161/01.CIR.0000147775.50954.AA
https://doi.org/10.1074/jbc.M203163200
https://doi.org/10.1016/j.jaci.2020.03.046
https://doi.org/10.3389/fimmu.2017.01115
https://doi.org/10.1172/JCI40659
https://doi.org/10.1016/j.imlet.2013.01.005
https://doi.org/10.1016/j.imlet.2013.01.005
https://doi.org/10.1016/j.jaci.2012.05.009
https://doi.org/10.1111/j.1556-4029.2010.01681.x
https://doi.org/10.4049/jimmunol.169.4.2102
https://doi.org/10.1111/j.1398-9995.2008.01733.x
https://doi.org/10.1097/ACI.0b013e32833bc670
https://doi.org/10.1097/ACI.0b013e32833bc670
https://doi.org/10.1084/jem.20082150
https://doi.org/10.1186/s40413-015-0080-1
https://doi.org/10.1186/s40413-015-0080-1
https://doi.org/10.1097/ACI.0000000000000080
https://doi.org/10.1093/jb/mvz071
https://doi.org/10.1016/j.ando.2020.03.012
https://doi.org/10.3238/arztebl.2018.0528
https://doi.org/10.3238/arztebl.2018.0528
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Nuñez-Borque et al. The Vascular System in Anaphylaxis
253. Lieberman P, Simons FER. Anaphylaxis and Cardiovascular Disease: Therapeutic
Dilemmas. Clin Exp Allergy (2015) 45(8):1288–95. doi: 10.1111/cea.12520

254. Spindler V, Waschke J. Beta-Adrenergic Stimulation Contributes to
Maintenance of Endothelial Barrier Functions Under Baseline Conditions.
Microcirculation (2011) 18(2):118–27. doi: 10.1111/j.1549-8719.2010.00072.x

255. Simons FER. First-Aid Treatment of Anaphylaxis to Food: Focus on
Epinephrine. J Allergy Clin Immunol (2004) 113(5):837–44. doi: 10.1016/
j.jaci.2004.01.769

256. Muraro A, Roberts G, Worm M, Bilò MB, Brockow K, Fernández-Rivas M,
et al. Anaphylaxis: Guidelines From the European Academy of Allergy and
Clinical Immunology. Allergy (2014) 69(8):1026–45. doi: 10.1111/all.12437

257. McCartney SL, Duce L, Ghadimi K. Intraoperative Vasoplegia: Methylene
Blue to the Rescue! Curr Opin Anaesthesiol (2018) 31(1):43–9. doi: 10.1097/
ACO.0000000000000548

258. Platt PR, Clarke RC, Johnson GH, Sadleir PHM. Efficacy of Sugammadex in
Rocuronium-Induced or Antibiotic-Induced Anaphylaxis. A Case-Control
Study. Anaesthesia (2015) 70(11):1264–7. doi: 10.1111/anae.13178

259. Arias K, Baig M, Colangelo M, Chu D, Walker T, Goncharova S, et al.
Concurrent Blockade of Platelet-Activating Factor and Histamine Prevents
Life-Threatening Peanut-Induced Anaphylactic Reactions. J Allergy Clin
Immunol (2009) 124(2):307–314, 314. doi: 10.1016/j.jaci.2009.03.012

260. Labella M, Garcia-Neuer M, Castells M. Application of Precision Medicine to
the Treatment of Anaphylaxis. Curr Opin Allergy Clin Immunol (2018) 18
(3):190–7. doi: 10.1097/ACI.0000000000000435

261. Tanno LK, Martin B. Biologic Agents for the Treatment of Anaphylaxis.
Immunol Allergy Clin North Am (2020) 40(4):625–33. doi: 10.1016/
j.iac.2020.06.006

262. Ricciardi L. Omalizumab: A Useful Tool for Inducing Tolerance to Bee
Venom Immunotherapy. Int J Immunopathol Pharmacol (2016) 29(4):726–
8. doi: 10.1177/0394632016670920
Frontiers in Immunology | www.frontiersin.org 20
263. Tanno LK, Alvarez-Perea A, Pouessel G. Therapeutic Approach of
Anaphylaxis. Curr Opin Allergy Clin Immunol (2019) 19(4):393–401.
doi: 10.1097/ACI.0000000000000539

264. Vickery BP, Ebisawa M, Shreffler WG, Wood RA. Current and Future
Treatment of Peanut Allergy. J Allergy Clin Immunol Pract (2019) 7(2):357–
65. doi: 10.1016/j.jaip.2018.11.049

265. Virkud YV,Wang J, Shreffler WG. Enhancing the Safety and Efficacy of Food
Allergy Immunotherapy: A Review of Adjunctive Therapies. Clin Rev Allergy
Immunol (2018) 55(2):172–89. doi: 10.1007/s12016-018-8694-z

266. Bruhns P, Chollet-Martin S. Mechanisms of Human Drug-Induced
Anaphylaxis. J Allergy Clin Immunol (2021) 147(4):1133–42. doi: 10.1016/
j.jaci.2021.02.013

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Nuñez-Borque, Fernandez-Bravo, Yuste-Montalvo and Esteban.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
March 2022 | Volume 13 | Article 836222

https://doi.org/10.1111/cea.12520
https://doi.org/10.1111/j.1549-8719.2010.00072.x
https://doi.org/10.1016/j.jaci.2004.01.769
https://doi.org/10.1016/j.jaci.2004.01.769
https://doi.org/10.1111/all.12437
https://doi.org/10.1097/ACO.0000000000000548
https://doi.org/10.1097/ACO.0000000000000548
https://doi.org/10.1111/anae.13178
https://doi.org/10.1016/j.jaci.2009.03.012
https://doi.org/10.1097/ACI.0000000000000435
https://doi.org/10.1016/j.iac.2020.06.006
https://doi.org/10.1016/j.iac.2020.06.006
https://doi.org/10.1177/0394632016670920
https://doi.org/10.1097/ACI.0000000000000539
https://doi.org/10.1016/j.jaip.2018.11.049
https://doi.org/10.1007/s12016-018-8694-z
https://doi.org/10.1016/j.jaci.2021.02.013
https://doi.org/10.1016/j.jaci.2021.02.013
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Pathophysiological, Cellular, and Molecular Events of the Vascular System in Anaphylaxis
	Introduction
	Anaphylaxis
	Immune System in Anaphylaxis
	Cellular and Molecular Mechanisms Mediated by IgE
	IgE-Independent Cellular and Molecular Mechanisms

	Soluble Mediators and Cascades in Anaphylaxis
	The Cardiovascular System
	Cardiovascular Pathophysiology of Anaphylaxis
	Increased Vascular Permeability and Endothelial Barrier Breakdown
	Vasodilation and Hypotension
	Vasoconstriction
	Anaphylactic Shock

	Membrane Receptors in Anaphylaxis
	Treatment
	Conclusions
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


