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1 | INTRODUCTION

Summary

Mast cells and basophils play a pathogenetic role in allergic, inflammatory, and autoim-
mune disorders. These cells have different development, anatomical location and life
span but share many similarities in mechanisms of activation and type of mediators.
Mediators secreted by mast cells and basophils correlate with clinical severity in
asthma, chronic urticaria, anaphylaxis, and other diseases. Therefore, effective bio-
markers to measure mast cell and basophil activation in vivo could potentially have
high diagnostic and prognostic values. An ideal biomarker should be specific for mast
cells or basophils, easily and reproducibly detectable in blood or biological fluids and
should be metabolically stable. Markers of mast cell and basophil include molecules
secreted by stimulated cells and surface molecules expressed upon activation. Some
markers, such as histamine and lipid mediators are common to mast cells and basophils
whereas others, such as tryptase and other proteases, are relatively specific for mast
cells. The best surface markers of activation expressed on mast cells and basophils are
CDé63 and CD203. While these mediators and surface molecules have been associated
to a variety of diseases, none of them fulfills requirements for an optimal biomarker

and search for better indicators of mast cell/basophil activation in vivo is ongoing.
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receptor FceRI on their cell surfaces. Furthermore, both cells are as-
sociated with T helper 2 (Th2) immune responses. A role for mast
cells and basophils has been demonstrated in many allergic, inflam-

Mast cells and basophils are distinct cells with clearly different devel-
opmental pathways, tissue locations and life span. They share, how-
ever, common activation mechanisms, a unique profile of mediators
secreted upon activation and, likely, similar pathogenetic roles in sev-
eral human diseases.

Both mast cells and basophils have basophilic granules in their

cytoplasms and express the high-affinity immunoglobulin E (IgE)
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matory, and autoimmune diseases. Mast cells and basophils play
crucial, albeit distinct roles in allergic rhinitis (AR), bronchial asthma,
chronic idiopathic urticaria (CIU), parasite infections, delayed-type
allergic reactions, and anaphylaxis. Basophils exhibit rapid and po-
tent expression of interleukin (IL)-4 and IL-13, leading to cutane-
ous Th2 skewing. Being tissue resident cells, mast cells are often
activated directly within tissues that are sites of inflammation. By
contrast, basophils are blood-borne cells that must be recruited

within tissue where they reach their final activation. Accumulation
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of basophils has been reported in numerous human diseases, includ-
ing allergic diseases, such as atopic dermatitis (AD), asthma, and AR,
as well as autoimmune diseases and cancer.

Understanding the role of these cells in human diseases has been
challenging given the difficulties in isolating pure mast cells and baso-
phils from human sources in quantities suitable for ex vivo investiga-
tion. Research was therefore focused to explore potential markers of
mast cell and basophil activation in vivo for two main reasons: first, to
define useful diagnostic and prognostic markers for diseases in which
their role was already established, eg, allergic diseases and, second,
to identify mast cell and basophils activation products in diseases in
which their role was strongly suspected.

Markers of activation of mast cells and basophils can be distin-
guished in two main types: secretory mediators and membrane as-
sociated activation markers. Most of the mediators secreted by mast
cells and basophils are preformed molecules, such as histamine and
proteases, that are virtually produced only by these cells in vivo. For
the purpose of this review we will consider first the biomarkers that
are common to mast cells and basophils and then those that are spe-

cific for either one of these cells.

1.1 | Common biomarkers and mediators of mast
cells and basophils

1.1.1 | Histamine

Histamine is a biogenic amine with inflammatory and immunological
functions secreted by both mast cells and basophils upon immunologi-
cal and non-immunological activation.! Mast cells and basophils should
be considered the main source of histamine in humans and the pos-
sibility that other cells, such as neutrophils and platelets, may contrib-
ute to the biosynthesis of this mediator under special circumstances
remains to be convincingly demonstrated. Once synthesized from the
amino acid histidine, histamine is stored within secretory granules of
both mast cells and basophils. When these cells are activated by ei-
ther immunological or non-immunological stimuli histamine is secreted
within seconds and exerts its biological effects by acting on four differ-
ent receptors (H1 through H4).2 Histamine is then rapidly metabolized
by conversion into methyl histamine or by oxidative deamination into
imidazole acetaldehyde, which are both excreted in the urine.®
Increased levels of histamine have been detected in the nasal lavage
of patients with allergic rhinitis, in bronchoalveolar lavage from patients
with allergic asthma and in plasma from patients with AD or CIU.**
While histamine can be more easily detected in biological fluids,
the usefulness of measuring histamine in serum or plasma as mast cell
or basophil activation marker is limited by several issues. First, his-
tamine is produced by other non-mast cell/non-basophil cells such
as neurons, enterochromaffin-like cells in the stomach and by cer-
tain bacteria in the gastrointestinal tract and urine, and it is present
in many fermented foods and beverages. Thus, histamine elevation
per se does not unequivocally identify activated basophils or mast
cells as the source. In addition, measurement of plasma level of his-
tamine can be difficult due to its short half-life, which after onset of

insect sting-initiated anaphylaxis, will return to baseline levels within
15-30 minutes.®

There are several methods available to measure histamine, in-
cluding ELISA and solid phases but technically, histamine assays are
relatively laborious and expensive, or require specialized equipment
such as histamine autoanalyzers. HistaFlow is an alternative technique
to measure histamine or its metabolites using an enzyme-affinity-
fluorochrome which recognizes intracellular histamine in order to cap-
ture data of the single cell level.” It has been useful to monitor basophil
responsiveness during immunotherapy considering that immunother-
apy inhibits basophil histamine release, and it can be used as poten-
tially surrogate biomarker for detecting immunotherapy efficacy.®

The measurement of levels of histamine metabolites in urine, pref-
erably on urine collected over 24 hours, can be a non-invasive means
to monitor global histamine turnover. Histamine metabolites in the
urine may be measured by high-performance liquid chromatography
(HPLC) and HPLC coupled to mass spectrometry. Increased levels of
histamine metabolites in the urine have been associated with systemic

mastocytosis and/or mast cell and basophil activation.”

1.1.2 | Lipid mediators

Lipid mediators are arachidonic acid-derived proinflammatory and
vasoactive mediators which are de novo synthesized in activated mast
cells and basophils. Prostaglandin D, (PGD,) and cysteinyl leukotrienes
(Cyst LTs) are the major lipid mediators, shortly released after mast cell
activation.'© They are produced from catalytic conversion of arachi-
donic acid by the action of cytosolic phospholipase A2 on membrane
phospholipids.t* PGD, exerts its biological effect of increasing vascu-
lar permeability and bronchoconstriction by binding to two receptors
(DP1 and DP2). PGD, is also produced by eosinophils, other immune
cells such as Th2 cells and dendritic cells and by non-hematopoietic
tissues such as brain, heart, lungs, and kidney. The production of PGD,
by other sources limits its usefulness as biomarker of only mast cell ac-
tivation. Increased serum levels of PGD, are detectable after inhalants
allergenic exposition; levels of PGD, and of its metabolite 11p-PGF2a
have been observed augmented in the urine of patients with masto-
cytosis and mast cell activation syndrome.'?*3 LTC,, LTD, and LTE,
are collectively referred to as CysLTs and are released from mast cells,
basophils, myeloid dendritic cells, eosinophils and macrophages.14
They derived from the precursor LTA,, subsequently converted
to LTC, which is then metabolized to LTD, and LTE,. These medi-
ators, by binding to at least three distinct receptors (CysLTR1, 2,
and 3), induce smooth muscle contraction and airway constric-
tion at concentrations that are up to 1000-fold lower than those
of histamine required to achieve a similar effect.!>'® CysLTs also
increase vascular permeability in humans. Remarkably, human
basophils rapidly release LTC, within minutes upon immunolog-
ical and non-immunological activation but they do not synthesize
PGD217’18; therefore its secretion from washed leukocytes has long
been used to evaluate the allergic status, since basophils within
these suspensions are the only source of LTC4 following IgE/FceRI-
dependent activation.’” Urinary LTE, was found to be elevated
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in systemic mastocytosis and to correlate with 24 hours urine N-
methylhistamine and serum tryptase levels.?°

Platelet-activating factor (PAF) is a potent phospholipid-derived
mediator released by several types of cells, including mast cells, mono-
cytes, tissue macrophages, platelets, eosinophils, endothelial cells, and
neutrophils, in response to various stimuli.’! PAF is a potent bron-
choconstrictor, induces profound vasodilation and edema formation
and is involved in platelet aggregation as well as activation of neutro-
phils, eosinophils and platelets.22 Interestingly, while human mast cells
synthesize PAF they produced even larger quantities of a PAF analog,
1-acyl-PAF, when activated by immunological stimuli.?® 1-Acyl-PAF
reproduces the same biological effects of PAF but it is a 1000-fold
less potent. PAF is rapidly metabolyzed into its inactive metabolite,
lyso-PAF, by the enzyme PAF acetylhydrolase (PAF-AH). PAF exerts
its effects at subnanomolar concentrations and it has a half-life of few
minutes, depending on the time to inactivation by PAF-AH. This me-
diator can be found in many body fluids, including serum, saliva, and
bronchial fluids. In patients with anaphylaxis serum PAF levels cor-
relate with severity of clinical symptoms even better than serum trypt-
ase or histamine levels.?! In addition to its role in anaphylaxis, PAF has
also been involved as a mediator of AR. PAF has been demonstrated
in nasal lavage fluid from patients with AR after allergen challenge
leading to nasal hyperresponsiveness to histamine and to recruitment
of inflammatory cells within the nasal mucosa. In animal models PAF-
receptor antagonists are able to reduce nasal airway resistance and

vascular permeability after allergen challenge.?*

1.2 | Specific biomarkers and mediators of mast cells

1.2.1 | Heparin

Heparin, like histamine, is stored within preformed granules of mast
cells; therefore it is rapidly released upon cell activation and plays a
role in vascular permeability and smooth muscle contraction.?

In patients with mast cell proliferative disorders it has been pro-
posed that heparin could be associated with collections of mast cells
of maculopapular lesions of urticaria pigmentosa and with the hemor-
rhagic complications in the aggressive forms.?¢?” Despite this, coagu-
lation times remains normal in most patients.

In 40% of cases with mast cell activation diseases, basal endog-
enous heparin levels have been reported to be outside the normal
range, although in the most cases, this does not happen.?®

1.2.2 | Tryptase

The major prestored enzyme of human mast cells secretory granules is
the tryptase, much lesser amounts being expressed by basophils.2?%°
There are four tryptase isoforms, but only two of them, alpha and beta
tryptase, are considered as biologically important.>!

Low quantity of immature monomeric form of tryptase, is constitu-
tively secreted by resting mast cells and it reflects the baseline serum lev-
els of tryptases (ranging from 1 to 11 ng/mL), whereas active tetrameric

form of mature p-tryptase is only released by activated mast cells.®?

Taken together these observations indicate that, serum tryptase
concentrations usually increase in case of degranulation of mast cells
and measurement of is used to diagnose and monitor disorders char-
acterized by mast-cell activation.

There is no consensus on the minimal increase in serum tryptase

t.3% Baseline serum lev-

suggestive to an “MC activation-related” even
els of o/p-tryptases >20 ng/mL is considered as a minor diagnostic
criterion for systemic mastocytosis while transient and rapid increase
of serum tryptase level (>2 + 1.2*baseline level), within 4 hours of
anaphylactic event, is considered laboratory evidence for mast cell

activation.3134

1.2.3 | Chymase

Chymase is a chymotrypsin-like serine endopeptidase stored in mast
cell secretory granules, and usually released in conjunction with car-
boxypeptidase A3 and distinctly from tryptase.®> Once secreted, chy-
mase exherts several biologic effects: it can mediate the conversion
from angiotensin-l to angiotensin-Il, generate TGF-$ and fibronec-
tin from extracellular matrix, activate several molecules including
endothelin-1 and 2, matrix metalloproteinases (MMPs) and citokines
(IL 1-B, IL-18), degrade lipoproteins leading to macrophage foam cell
formation.3® Serum chymase represents target of inhibitory action of
many circulating molecules including a-1 antitrypsin, a-1 antichymo-
trypsin and a-2 macroglobulin that capture it, preventing its interac-
tion with substrates.?” An immunoassay to detect chymase in human
serum is not currently available, therefore alternative methods have
been proposed. It has been developed an a-2 macroglobulin capture
assay which use a synthetic substrate to detect enzymatic activity in
chymase-spiked serum with a threshold of approximately 30 pg/mL.
This method has pointed out that chymase activity in serum is influ-
enced by total body burden of mast cells, and it is much higher in

systemic mastocytosis than in more localized cutaneous forms.%®

1.2.4 | Carboxypeptidase A

Carboxypeptidase A is a zinc-dependent metalloproteinase content
in mast cells and released upon activation. Its gene CPA3 has found
to be one of 10 genes overexpressed in the bone marrow mononu-
clear cells of adult patients with systemic mastocytosis.>’ Interestingly
plasma levels of mast cell carboxypeptidase appears to be elevated
in children with allergic diseases but not in adult with the same dis-
ease.*® Moreover, serum level of carboxypeptidase increase during
anaphylaxis; this increase does not always correlate with serum lev-
els of tryptase: it seems to be longer and present also in absence of

tryptase elevation.**

1.3 | Activation markers of basophils in
human diseases

Basophils are known to be involved in many human diseases, including
allergic diseases (eg, urticaria,*?) allergic contact dermatitis,*> AD,*3
allergic drug reactions,** immediate hypersensitivity reactions (eg,
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anaphylaxis,**) asthma,*> autoimmune diseases (eg, bullous pemphi-
goid,*® lupus nephritis,*® Crohn’s disease,**) transplant rejection,*”8
and malignant neoplasms.49 Recent studies have identified function-
ally distinct basophil populations in human allergic disease states, such
as food allergies, eosinophilic esophagitis, asthma, urticaria, AR, and

51,52 and

AD. In some conditions, such as food allergies,*® urticaria,
asthma,® inflammation can be effectively mediated predominantly by
IgE. However, the results of studies on anti-IgE therapy effectiveness
among patients with AD>* and eosinophilic esophagitis55 have been
controversial. This suggests that IgE-independent processes might be
critical for the pathogenesis of these diseases.

Recent studies have indicated that specific surface markers are ac-
tivated in these diseases. Major surface markers expressed on human
basophils are CD63, CD69, and CD203c, and they have been used to
demonstrate the role of basophils in vivo and in vitro.”%>7 Currently,
CD203c and CD63 are considered the most useful markers of basophil
activation and differentiation.>®>? CD203c and CDé3 on the basophil
cell surface are upregulated as a result of early FceRI-mediated reactions
and play roles in the late cytokine-mediated activation of basophils.®°
CD69 expression was only weakly observed in basophils freshly isolated
from human peripheral blood, but IL-3 induced extremely high levels
of expression.®! The functional role of each surface marker in basophil
differentiation and maturation is not fully understood. Basophils can,
however, be clinically used to diagnose or assess the disease states of
some human allergic diseases. Reports that have shown the activation
of basophils in human diseases are summarized in this section (Table 1).

Regarding the mechanisms underlying these diseases, recent stud-
ies have suggested the importance of innate cell networks, especially
in various innate-type immune cells, including innate-type 2 lymphoid
cells (ILC2) and basophils, that are involved in the production of Th2-
type cytokines in AD.9%%2 Interestingly, type 2 immune responses can
be caused by the absence of Th2 cells. Interaction between basophils
and ILC2 can promote the sensitization and chronic phases of type 2
inflammatory responses.®* These innate immune cells may directly or

indirectly contribute to adaptive Th2 cell responses.®’

2 | IMMEDIATE-TYPE HYPERSENSITIVITY

Immediate hypersensitivity reactions involve the IgE-mediated release
of histamine and other mediators from mast cells and basophils.®® Flow
cytometry-based basophil tests have been clinically used to diagnose
immediate-type hypersensitivities, including anaphylaxis, AR, and other
allergic diseases, as well as to confirm the sensitization of patients to
foods, drugs, and insects.””¢”8 The flow cytometric basophil activation
test (BAT), based on the detection of allergen-induced CD63 expres-
sion, has been proven effective in the diagnosis of various IgE-mediated
allergies.>” Because of the increased cell surface levels of CD63 and/
or CD203c in response to IgE-dependent stimuli, this protein is also a
promising marker of activation that can be used in flow cytometry-based
allergy diagnoses. These tests therefore appear suitable for detecting
immediate-type hypersensitivities and for monitoring the success of hy-
posensitization protocols in patients with allergies.58

WILEY-

TABLE 1 Activation markers of basophils in human diseases

Disease Activation marker Reference
Immediate-type allergy

Anaphylaxis CD63, CD203c 7

Drug hypersensitivity CDé63, CD203c 68

Food allergy CD63, CD203c 8
Seasonal allergic rhinitis CDé63, CD203c 8788
Asthma CD203c 28
Urticaria CD63, CD69 8

CD63, CD203c 8
AD Not identified yet “
3 | ASTHMA

Allergic asthma is a pulmonary inflammatory disease characterized by the
infiltration of eosinophils into lungs that is controlled by type 2 cytokines.
Basophils have been found to strongly infiltrate the lung tissues of allergy
patients.®””° IgE is thought to activate basophils to release histamine and
LTC4, which promotes inflammation.> Anti-IgE monoclonal antibody
(omalizumab) is the first anti-IgE therapy to have demonstrated efficacy
and be approved by the United States Food and Drug Administration
(FDA) for the treatment of asthma.’® Ono et al*® showed that CD203c
expression in basophils was upregulated in asthma patients and associ-
ated with asthma exacerbation, although no differences were observed
in the expression levels of CD63 or CDé69. In contrast, in patients with
aspirin-exacerbated respiratory disease, basophil responses to aspirin
challenge in vitro are poor indicators of clinical sensitivity.”* Using a mu-
rine lung inflammation model, Motomura et al’? indicated that basophil-
derived IL-4 controls the function of ILC2 in lung inflammation. Thus,
activated basophils might contribute to the pathology of asthma via con-
trol of the ILC2 function through IL-4.

4 | URTICARIA

IgE stimulation is known to activate IL-3-elicited basophils, and prior
studies have consistently demonstrated that basophils play a crucial
role in IgE-dependent chronic allergic inflammation in the skin.”®
Additionally, basophils from urticarial patients have been reported to
express high levels of CD63 and CD203c on their surface, indicat-
ing that they are activated by IL-3.”47° Prior studies have also dem-
onstrated that basophils play a crucial role in IgE-dependent chronic
allergic inflammation in the skin.”® Recently, urticarial patients were
successfully treated with omalizumab.>>”® Considering that omali-
zumab might modulate basophil functions,”””® future studies are
required to determine the precise contribution of basophils to ur-
ticaria. Although the role of IgE in promoting urticaria is widely ac-
knowledged, both IgE-dependent and IgE-independent mechanisms
are likely involved in urticaria pathophysiology. Further studies are
required to investigate the roles of TSLP and TSLP-elicited basophils
in the context of urticaria.
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W1 LE Y— QU ETETE
5 | ATOPIC DERMATITIS

AD is a type of skin inflammation that mainly results from Th2 cy-
tokine responses. Despite numerous studies on AD pathophysiol-
ogy, the mechanism underlying this disease remains incompletely
understood. High serum IgE levels are often observed, and infil-
tration of basophils into the inflamed skin of AD patients is re-
ported,”? strongly indicating that basophils play important roles in
human AD. IgE-mediated inflammation against specific antigens in
AD patients appears after infancy when individuals have acquired
allergies to food or environmental agents. Clinical studies of AD
patients treated with omalizumab have shown that IgE blockades
are only effective in certain AD patients, indicating that the AD
mechanism cannot be explained by only IgE-mediated antigens
specific for Th2 type inflammation.>* Although the spontaneous
upregulation of activation markers in basophils from AD patients

has not been observed,*

allergen-induced CD63 expression in ac-
tivated basophils from AD patients has been reported.®’ Recently,
basophils stimulated with leukotrienes were reported to orches-
trate skin inflammation in AD patients and in a murine AD model
based on ILC2.%% The mechanism underlying this phenomenon was
partially clarified; basophils are thought to secrete IL-4 and IL-4
to directly modulate ILC2 function.®®®! Both murine and human
ILC2s are also activated by leukotrienes.82% In addition, IL-33 and
TSLP are involved in inflammation controlling the production of
chemokines and cytokines by basophils.®* TSLP-elicited basophils
and their IL-4 secretion enhance skin inflammation by ILC2. Thus,
TSLP-elicited basophils may be a therapeutic target to treat AD
patients.

6 | CONCLUDING REMARKS

Mast cells and basophils play important pathogenetic roles in sev-
eral human diseases. In some of these, like allergic disorders, these
cells are primarily involved in the development of the disease and in
most clinical manifestations. In some cases, like in asthma, besides
being important effector cells, mast cells, and basophils contribute
to maintain the innate and adaptive immune responses and to pro-
mote secondary activation of other effector cells like eosinophils. In
other diseases, such as the autoimmune and chronic inflammatory
diseases, eg, chronic inflammatory bowel diseases, the role of mast
cells and basophils is less defined. A fascinating, although still largely
unknown, hypothesis is the role of mast cells and basophils in the de-
velopment of cancer. Recent data support the concept that resident
mast cells or locally recruited basophils may have either positive or
negative impact on the development of tumors, depending on their
state of activation. Together these observations underscore the need
to identify useful biomarkers of mast cell and basophil activation in
vivo. ldeally, a practical biomarker should satisfy several criteria: it
should be specific for mast cells and/or basophils, it should be detect-
able in blood or other biological fluids and its level should be a true
indicator of mast cell/basophil activation in vivo; it should be stable

and not influenced by metabolism or by contamination from other
sources; finally, it should be easily and reproducibly measured at an
acceptable cost. Given these characteristics, the ideal biomarker for
mast cells and basophils has not been yet identified. Further experi-
mental and clinical research is clearly needed to improve detection of
already existing biomarkers and to identify novel molecules or surface
markers that can be suitable to monitor mast cell/basophil activation

in human diseases.

ACKNOWLEDGEMENTS

This work was supported in part by Grants-in-Aid for Scientific
Research from the Ministry of Education, Culture, Sports, Science and
Technology and the Ministry of Health, Labour and Welfare of Japan
(15H05790) (K. K.), and the Associazione Italiana Mastocitosi: ASIMAS
(M. T.).

CONFLICT OF INTEREST

None of the authors declare any conflict of interest.

ORCID

Keniji Kabashima http:/orcid.org/0000-0002-0773-0554

REFERENCES

1. Schulman ES, Kagey-Sobotka A, MacGlashan DW Jr, et al
Heterogeneity of human mast cells. J Immunol. 1983;131:1936-1941.

2. Ebeigbe AB, Talabi OO. Vascular effects of histamine. Niger J Physiol
Sci. 2014;29:7-10.

3. Granerus G, Lonngvist B, Wass U. Determination of the histamine
metabolite tele-methylimidazoleacetic acid and of creatinine in urine
by the same HPLC system. Inflamm Res. 1999;48:75-80.

4. Casale TB, Wood D, Richerson HB, et al. Elevated bronchoalveolar
lavage fluid histamine levels in allergic asthmatics are associated
with methacholine bronchial hyperresponsiveness. J Clin Invest.
1987;79:1197-1203.

5. Kaplan AP, Horakova Z, Katz SI. Assessment of tissue fluid his-
tamine levels in patients with urticaria. J Allergy Clin Immunol.
1978;61:350-354.

6. Pollock I, Murdoch RD, Lessof MH. Plasma histamine and clinical tol-
erance to infused histamine in normal, atopic and urticarial subjects.
Agents Actions. 1991;32:359-365.

7. Ebo DG, Bridts CH, Mertens CH, Hagendorens MM, Stevens WJ, De
Clerck LS. Analyzing histamine release by flow cytometry (HistaFlow):
A novel instrument to study the degranulation patterns of basophils.
J Immunol Methods. 2012;375:30-38.

8. Shamiji MH, Layhadi JA, Scadding GW, et al. Basophil expression of
diamine oxidase: A novel biomarker of allergen immunotherapy re-
sponse. J Allergy Clin Immunol. 2015;135:913-921.

9. Keyzer JJ, de Monchy JG, van Doormaal JJ, van Voorst Vader PC.
Improved diagnosis of mastocytosis by measurement of urinary hista-
mine metabolites. N Engl J Med. 1983;309:1603-1605.

10. Fanning LB, Boyce JA. Lipid mediators and allergic diseases. Ann
Allergy Asthma Immunol. 2013;111:155-162.

11. Boyce JA. Eicosanoid mediators of mast cells: Receptors, regulation
of synthesis, and pathobiologic implications. Chem Immunol Allergy.
2005;87:59-79.


http://orcid.org/0000-0002-0773-0554
http://orcid.org/0000-0002-0773-0554

KABASHIMA ET AL.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Morrow JD, Guzzo C, Lazarus G, Oates JA, Roberts LJ 2nd. Improved
diagnosis of mastocytosis by measurement of the major urinary
metabolite of prostaglandin D2. J Invest Dermatol. 1995;104:
937-940.

Ravi A, Butterfield J, Weiler CR. Mast cell activation syndrome:
Improved identification by combined determinations of serum trypt-
ase and 24-hour urine 11 p-prostaglandin2a. J Allergy Clin Immunol
Pract. 2014;2:775-778.

Austen KF, Maekawa A, Kanaoka Y, Boyce JA. The leukotriene E4 puz-
zle: Finding the missing pieces and revealing the pathobiologic impli-
cations. J Allergy Clin Immunol. 2009;124:406-414.

Malaviya R, Abraham SN. Role of mast cell leukotrienes in neutrophil
recruitment and bacterial clearance in infectious peritonitis. J Leukoc
Biol. 2000;67:841-846.

Kanaoka Y, Boyce JA. Cysteinyl leukotrienes and their receptors;
emerging concepts. Allergy Asthma Immunol Res. 2014;6:288-295.
Schleimer RP, Davidson DA, Peters SP, Lichtenstein LM. Inhibition of
human basophil leukotriene release by antiinflammatory steroids. Int
Arch Allergy Appl Immunol. 1985;77:241-243.

Schroeder JT. Basophils: Emerging roles in the pathogenesis of allergic
disease. Immunol Rev. 2011;242:144-160.

Schroeder JT, Kagey-Sobotka A. Assay methods for measurement of
mediators and markers of allergic inflammation. In: Rose NR, Hamilton
RG, Detrick B, eds. Manual of Clinical Laboratory Inmunology, 6th edn.
Washington: ASM Press; 2002:899-909.

Butterfield JH. Increased leukotriene E4 excretion in systemic masto-
cytosis. Prostaglandins Other Lipid Mediat. 2010;92:73-76.

Vadas P, Perelman B, Liss G. Platelet-activating factor, histamine,
and tryptase levels in human anaphylaxis. J Allergy Clin Immunol.
2013;131:144-149.

Boyce JA. Mast cells and eicosanoid mediators: A system of reciprocal
paracrine and autocrine regulation. Immunol Rev. 2007;217:168-185.
Triggiani M, Hubbard WC, Chilton FH. Synthesis of 1-acyl-2-acetyl-s
n-glycero-3-phosphocholine by an enriched population of the human
lung mast cells. J Immunol. 1990;144:4773-4780.

Gill P, Jindal NL, Jagdis A, Vadas P. Platelets in the immune response:
Revisiting platelet-activating factor in anaphylaxis. J Allergy Clin
Immunol. 2015;135:1424-1432.

Metcalfe DD, Lewis RA, Silbert JE, Rosenberg RD, Wasserman SI,
Austen KF. Isolation and characterization of heparin from human lung.
J Clin Invest. 1979;64:1537-1543.

Metcalfe DD, Soter NA, Wasserman Sl, Austen KF. Identification of
sulfated mucopolysaccharides including heparin in the lesional skin of
a patient with mastocytosis. J Invest Dermatol. 1980;74:210-215.
Sucker C, Mansmann G, Steiner S, et al. Fatal bleeding due to a
heparin-like anticoagulant in a 37-year-old woman suffering from
systemic mastocytosis. Clin Appl Thromb Hemost. 2008;14:360-364.
Metcalfe DD, Pawankar R, Ackerman SJ, et al. Biomarkers of the in-
volvement of mast cells, basophils and eosinophils in asthma and al-
lergic diseases. World Allergy Organ J. 2016;9:7.

Pallaoro M, Fejzo MS, Shayesteh L, Blount JL, Caughey GH.
Characterization of genes encoding known and novel human
mast cell tryptases on chromosome 16p13.3. J Biol Chem.
1999;274:3355-3362.

Chwartz LB. Diagnostic value of tryptase in anaphylaxis and mastocy-
tosis. Immunol Allergy Clin North Am. 2006;26:451-463.

Vitte J. Human mast cell tryptase in biology and medicine. Mol
Immunol. 2015;63:18-24.

Sverrild A, van der Sluis S, Kyvik KO, et al. Genetic factors account
for most of the variation in serum tryptase—A twin study. Ann Allergy
Asthma Immunol. 2013;111:286-289.

Valent P, Akin C, Arock M, et al. Definitions, criteria and global clas-
sification of mast cell disorders with special reference to mast cell
activation syndromes: A consensus proposal. Int Arch Allergy Immunol.
2012;157:215-225.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

583.

54.

Valent P, Horny HP, Triggiani M, Arock M. Clinical and laboratory pa-
rameters of mast cell activation as basis for the formulation of diag-
nostic criteria. Int Arch Allergy Immunol. 2011;156:119-127.

Hsu Fl, Boyce JA. Biology of mast cells and their mediators. In:
Adkinson NF Jr, Busse WW, Bochner BS, Holgate ST, Simons FER,
Lemanske RF Jr, eds. Middleton’s Allergy: Principles & Practice, 7th edn.
Philadelphia, PA: Mosby/Elsevier; 2009:311-328.

He A, Shi GP. Mast cell chymase and tryptase as targets for cardiovas-
cular and metabolic diseases. Curr Pharm Des. 2013;19:1114-1125.
Walter M, Sutton RM, Schechter NM. Highly efficient inhibition of
human chymase by alpha(2)-macroglobulin. Arch Biochem Biophys.
1999;368:276-284.

Raymond WW, Su S, Makarova A, et al. Alpha 2-macroglobulin
capture allows detection of mast cell chymase in serum and cre-
ates a reservoir of angiotensin ll-generating activity. J Immunol.
2009;182:5770-5777.

D’Ambrosio C, Akin C, Wu Y, Magnusson MK, Metcalfe DD. Gene
expression analysis in mastocytosis reveals a highly consistent
profile with candidate molecular markers. J Allergy Clin Immunol.
2003;112:1162-1170.

Pan Q, Ding MF, Zhang S, et al. Measurement of plasma mast cell car-
boxypeptidase and chymase levels in children with allergic diseases.
Zhongguo Dang Dai Er Ke Za Zhi. 2011;13:814-816.

Simons FE, Frew AJ, Ansotegui |J, et al. Risk assessment in ana-
phylaxis: Current and future approaches. J Allergy Clin Immunol.
2007;120(1 Suppl):S2-524.

Dvorak HF, Mihm MC Jr. Basophilic leukocytes in allergic contact der-
matitis. J Exp Med. 1972;135:235-254.

Ito Y, Satoh T, Takayama K, Miyagishi C, Walls AF, Yokozeki H. Basophil
recruitment and activation in inflammatory skin diseases. Allergy.
2011;66:1107-1113.

Mitchell EB, Askenase PW. Basophils in human disease. Clin Rev
Allergy. 1983;1:427-448.

Kimura I, Tanizaki Y, Saito K, Takahashi K, Ueda N, Sato S. Appearance
of basophils in the sputum of patients with bronchial asthma. Clin
Allergy. 1975;5:95-98.

Charles N, Hardwick D, Daugas E, lllei GG, Rivera J. Basophils and
the T helper 2 environment can promote the development of lupus
nephritis. Nat Med. 2010;16:701-707.

Dvorak HF, Mihm MC Jr, Dvorak AM, Barnes BA, Manseau EJ,
Galli SJ. Rejection of first-set skin allografts in man. The microvas-
culature is the critical target of the immune response. J Exp Med.
1979;150:322-337.

Colvin RB, Dvorak HF. Letter: Basophils and mast cells in renal al-
lograft rejection. Lancet. 1974;1:212-214.

Spiers AS. The clinical features of chronic granulocytic leukaemia. Clin
Haematol. 1977;6:77-95.

Kim S, Prout M, Ramshaw H, Lopez AF, LeGros G, Min B. Cutting
edge: Basophils are transiently recruited into the draining lymph
nodes during helminth infection via IL-3, but infection-induced Th2
immunity can develop without basophil lymph node recruitment or
IL-3. J Immunol. 2010;184:1143-1147.

Magerl M, Staubach P, Altrichter S, et al. Effective treatment of
therapy-resistant chronic spontaneous urticaria with omalizumab.
J Allergy Clin Immunol. 2010;126:665-666.

Maurer M, Rosén K, Hsieh HJ, et al. Omalizumab for the treat-
ment of chronic idiopathic or spontaneous urticaria. N Engl J Med.
2013;368:924-935.

Busse WW, Morgan WJ, Gergen PJ, et al. Randomized trial of omal-
izumab (anti-IgE) for asthma in inner-city children. N Engl J Med.
2011;364:1005-1015.

Heil PM, Maurer D, Klein B, Hultsch T, Stingl G. Omalizumab therapy
in atopic dermatitis: Depletion of IgE does not improve the clinical
course - A randomized, placebo-controlled and double blind pilot
study. J Dtsch Dermatol Ges. 2010;8:990-998.



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

KABASHIMA ET AL.

Rocha R, Vitor AB, Trindade E, et al. Omalizumab in the treat-
ment of eosinophilic esophagitis and food allergy. Eur J Pediatr.
2011;170:1471-1474.

Gamboa P, Sanz ML, Caballero MR, et al. The flow-cytometric de-
termination of basophil activation induced by aspirin and other
non-steroidal anti-inflammatory drugs (NSAIDs) is useful for in vitro
diagnosis of the NSAID hypersensitivity syndrome. Clin Exp Allergy.
2004;34:1448-1457.

Gober LM, Eckman JA, Sterba PM, et al. Expression of activation
markers on basophils in a controlled model of anaphylaxis. J Allergy
Clin Immunol. 2007;119:1181-1188.

Ono E, Taniquchi M, Higashi N, et al. CD203c expression on human
basophils is associated with asthma exacerbation. J Allergy Clin
Immunol. 2010;125:483-489.

Ocmant A, Peignois Y, Mulier S, Hanssens L, Michils A, Schandene L.
Flow cytometry for basophil activation markers: The measurement of
CD203c up-regulation is as reliable as CD63 expression in the diag-
nosis of cat allergy. J Immunol Methods. 2007;320:40-48.

Ebo DG, Sainte-LaudY J, Bridts CH, et al. Flow-assisted allergy di-
agnosis: Current applications and future perspectives. Allergy.
2006;61:1028-1039.

Yoshimura C, Yamaguchi M, likura M, et al. Activation markers of
human basophils: CD69 expression is strongly and preferentially in-
duced by IL-3. J Allergy Clin Imnmunol. 2002;109:817-823.

Kim BS, Siracusa MC, Saenz SA, et al. TSLP elicits IL-33-independent
innate lymphoid cell responses to promote skin inflammation. Sci
Transl Med. 2013;5:170ra16.

Kim BS, Wang K, Siracusa MC, et al. Basophils promote innate lymphoid
cell responses in inflamed skin. J Immunol. 2014;193:3717-3725.
Siracusa MC, Kim BS, Spergel JM, Artis D. Basophils and allergic in-
flammation. J Allergy Clin Immunol. 2013;132:789-801.

Kubo M. Innate and adaptive type 2 immunity in lung allergic inflam-
mation. Immunol Rev. 2017;278:162-172.

Ariza A, Fernandez TD, Dona |, et al. Basophil activation after non-
steroidal anti-inflammatory drugs stimulation in patients with im-
mediate hypersensitivity reactions to these drugs. Cytometry A.
2014;85:400-407.

Boumiza R, Debard AL, Monneret G. The basophil activation test by
flow cytometry: Recent developments in clinical studies, standardiza-
tion and emerging perspectives. Clin Mol Allergy. 2005;3:9.

Kim SY, Kim JH, Jang YS, et al. The basophil activation test is safe
and useful for confirming drug-induced anaphylaxis. Allergy Asthma
Immunol Res. 2016;8:541-544.
KepleyCL,McFeeleyPJ, OliverJM, Lipscomb MF.Immunohistochemical
detection of human basophils in postmortem cases of fatal asthma.
Am J Respir Crit Care Med. 2001;164:1053-1058.

Macfarlane AJ, Kon OM, Smith SJ, et al. Basophils, eosinophils, and
mast cells in atopic and nonatopic asthma and in late-phase allergic
reactions in the lung and skin. J Allergy Clin Immunol. 2000;105(1 Pt
1):99-107.

Celik GE, Schroeder JT, Hamilton RG, Saini SS, Adkinson NF. Effect
of in vitro aspirin stimulation on basophils in patients with aspirin-
exacerbated respiratory disease. Clin Exp Allergy. 2009;39:1522-1531.
Motomura Y, Morita H, Moro K, et al. Basophil-derived interleukin-4
controls the function of natural helper cells, a member of ILC2s, in
lung inflammation. Immunity. 2014;40:758-771.

Mukai K, Matsuoka K, Taya C, et al. Basophils play a critical role in
the development of IgE-mediated chronic allergic inflammation inde-
pendently of T cells and mast cells. Immunity. 2005;23:191-202.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Gentinetta T, Pecaric-Petkovic T, Wan D, et al. Individual IL-3 prim-
ing is crucial for consistent in vitro activation of donor basophils
in patients with chronic urticaria. J Allergy Clin Immunol. 2011;128:
1227-1234.

Yasnowsky KM, Dreskin SC, Efaw B, et al. Chronic urticaria sera
increase basophil CD203c expression. J Allergy Clin Immunol.
2006;117:1430-1434.

Eckman JA, Hamilton RG, Gober LM, Sterba PM, Saini SS. Basophil
phenotypes in chronic idiopathic urticaria in relation to disease activ-
ity and autoantibodies. J Invest Dermatol. 2008;128:1956-1963.
Saini SS, MacGlashan DW Jr. Assessing basophil functional mea-
sures during monoclonal anti-IgE therapy. J Immunol Methods.
2012;383:60-64.

Eckman JA, Sterba PM, Kelly D, et al. Effects of omalizumab on baso-
phil and mast cell responses using an intranasal cat allergen challenge.
J Allergy Clin Immunol. 2010;125:889-895.

Irani AM, Huang C, Xia HZ, et al. Inmunohistochemical detection of
human basophils in late-phase skin reactions. J Allergy Clin Immunol.
1998;101:354-362.

Pfab F, Athanasiadis Gl, Huss-Marp J, et al. Effect of acupuncture on
allergen-induced basophil activation in patients with atopic eczema:
A pilot trial. J Altern Complement Med. 2011;17:309-314.

Kim BS, Wojno ED, Artis D. Innate lymphoid cells and allergic inflam-
mation. Curr Opin Immunol. 2013;25:738-744.

Doherty TA, Khorram N, Lund S, Mehta AK, Croft M, Broide DH. Lung
type 2 innate lymphoid cells express cysteinyl leukotriene receptor
1, which regulates TH2 cytokine production. J Allergy Clin Immunol.
2013;132:205-213.

Barnig C, Cernadas M, Dutile S, et al. Lipoxin A4 regulates natural
killer cell and type 2 innate lymphoid cell activation in asthma. Sci
Transl Med. 2013;5:174ra126.

Omori M, Ziegler S. Induction of IL-4 expression in CD4(+) T cells by
thymic stromal lymphopoietin. J Immunol. 2007;178:1396-1404.
Vasagar K, Vonakis BM, Gober LM, Viksman A, Gibbons SP Jr, Saini SS.
Evidence of in vivo basophil activation in chronic idiopathic urticaria.
Clin Exp Allergy. 2006;36:770-776.

Mukai K, Gaudenzio N, Gupta S, et al. Assessing basophil activation
by using flow cytometry and mass cytometry in blood stored 24 hours
before analysis. J Allergy Clin Inmunol. 2017;139:889-899 e11.

Imoto Y, Takabayashi T, Sakashita M, et al. Peripheral basophil reactiv-
ity, CD203c expression by Cryj1 stimulation, is useful for diagnosing
seasonal allergic rhinitis by Japanese cedar pollen. Immun Inflamm Dis.
2015;3:300-308.

Ogulur I, Kiykim A, Baris S, Ozen A, Yuce EG, Karakoc-Aydiner
E. Basophil activation test for inhalant allergens in pediatric pa-
tients with allergic rhinitis. Int J Pediatr Otorhinolaryngol. 2017;97:
197-201.

Kim Z, Choi BS, Kim JK, Won DI. Basophil markers for identifica-
tion and activation in the indirect basophil activation test by flow
cytometry for diagnosis of autoimmune urticaria. Ann Lab Med.
2016;36:28-35.

How to cite this article: Kabashima K, Nakashima C, Nonomura
Y, et al. Biomarkers for evaluation of mast cell and basophil
activation. Immunol Rev. 2018;282:114-120. https://doi.
org/10.1111/imr.12639



https://doi.org/10.1111/imr.12639
https://doi.org/10.1111/imr.12639

