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Abstract

Purpose of review.—To discuss the association between the common dominantly inherited
genetic trait hereditary alpha-tryptasemia (HaT) and Hymenoptera venom-induced anaphylaxis
(HVA).

Recent findings.—Elevated BST has been correlated with more severe systemic anaphylaxis in
humans in a number of settings — most notably in HVA. Clonal mast cell disease, in particular
systemic mastocytosis, is frequently associated with elevated BST, and is a major risk factor for
severe HVA. However, clonal mast cell diseases are believed to be rare, whereas HVA is relatively
more common. HaT affects an estimated 3-5% of Western populations and is the common cause
for elevated BST in these individuals. An association between Ha T and severe HVA, as well as
clonal mast cell disease has recently been demonstrated wherein this trait modifies reaction
severity in venom allergic individuals. A mechanism underlying this association has been
proposed through the identification of naturally occurring heterotetrameric tryptases and
characterization of their unique physical attributes.

Summary.—Here we discuss the long-standing association between elevated BST and HVA
severity, how HaT fits into this landscape, and review the clinical and mechanistic evidence that
supports Ha T as a modifier of HVA.
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Introduction

Elevated basal serum tryptase (BST) levels have been associated with increased severity of
anaphylaxis in a number of settings (1, 2) (3) (4) (5) (6-8). This association has been shown
to be preeminent among individuals with Hymenoptera venom-induced anaphylaxis (HVA)
(9-14). Clonal mast cell diseases such as systemic mastocytosis (SM), have been
demonstrated as causative of both BST elevation and HVA in many of these individuals —

TCorrespondence: Dr. Jonathan Lyons, NIH/NIAID/LAD, 9000 Rockville Pike, Building 29B, Room 5NN18, MSC 1889, Bethesda,
MD 20892, Phone: (301) 443-5250, Fax: (301) 451-5563, jonathan.lyons@nih.gov.

Conflicts of interest

The authors have no potential conflicts of interest to disclose.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

O’Connell and Lyons

Page 2

indeed this may be the presenting symptom of SM in otherwise healthy individuals (6).
However, these disorders are believed to be too rare to account fully for the clinical
association of elevated BST and severe HVA (15).

The recently described common cause for elevated BST, hereditary alpha-tryptasemia
(HaT), has also been reported to impact HVA — imparting independent risk for severe HVA
and accounting for elevated BST in the vast majority of individuals without clonal disease
(16) (5). This review will examine the clinical data supporting an association between
elevated BST and HVA severity, discuss Ha T as a potential modifier of HVA and clonal
mast cell disease, and describe a recently discovered mechanism that may partially explain
these clinical associations.

Hereditary alpha-tryptasemia (HaT) is a common genetic trait

Mast cells are tissue-resident myeloid-lineage cells that produce a large number of mediators
which contribute to allergic inflammatory responses, and are critical to the development of
systemic immediate hypersensitivity reactions (17). Clinical symptoms manifest following
mast cell activation and release of preformed mediators present in secretory granules
through a process called degranulation. The most abundant secretory granule protein by
mass is the serine proteinase tryptase (18). Due to this fact, tryptase has been used as a
biomarker of mast cell activation (19) (20) (21) (22). However, under normal physiological
conditions, pro-tryptases are constitutively secreted as monomers from mast cells into the
blood stream. These are measured as total serum tryptase in clinical assays of healthy
individuals. The median tryptase level in the serum of such individuals with wild-type
tryptase genotypes is approximately 5ng/mL. Whereas tryptase protomers are enzymatically
inactive, and currently have no known biological function, mature tetrameric tryptases result
from step-wise proteolytic processing that involves removal of the pre- and pro-peptide
fragments prior to their assembly into catalytically active, heparin-stabilized, molecules that
are stored in mast cell secretory granules and only released upon mast cell activation. This
occurs most commonly via cross-linking of specific IgE bound to the high affinity IgE
receptor FceRI by cognate antigen on the surface of tissue mast cells (23). Such a
degranulation event leads to an acute rise in serum tryptase levels, and can be measured
clinically to confirm the diagnosis of anaphylaxis; an increase of 20% + 2ng/mL over basal
levels is currently considered diagnostic of mast cell activation (24).

Baseline serum tryptase (BST) levels have been examined and a level above the upper limit
of the normal range, 11.4 ng/mL, is present in approximately 5-7% of the populations in
which this has been studied (15) (25). Historically, the reason for this was not understood.
However, hereditary alpha-tryptasemia (HaT) — a genetic trait caused by inherited structural
genetic variation of the tryptase locus — has been demonstrated to account for the vast
majority of individuals with BST > 8ng/mL, affecting an estimated 5.5% of these
populations. The elevated BST levels observed in Ha T are caused by increased germline
copies of the gene TPSABI that encode for alpha-tryptase (16). Current reports demonstrate
HaT to be transmitted with near complete penetrance based upon consistently elevated BST
levels in carriers. Thus far these gene replications have only been reported for a-tryptase-
encoding loci, with as many as four extra copies of 7PSABI being present (26). A gene—
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dosage effect on BST levels in patient with HaT has been reported as well, with
duplications yielding average BST levels of 15 +/- 5 ng/mL, triplications 24 +/- 6 ng/mL,
and the identified quintuplication 37 +/- 14 ng/mL (27). However, expressivity of associated
phenotypes is quite variable with some individuals reporting few if any overt symptoms
(27). Of the phenotypes reported in the initial studies in which individuals were recruited for
suspected Ha T, some symptoms have been validated in at least one unselected cohort; these
include irritable bowel syndrome-like symptoms, flushing/pruritus, retained primary
dentition, and systemic venom reactions. Other symptoms that have been reported in
association with Ha T but that have not been validated in other cohorts include chronic
gastroesophageal reflux, arthralgia, body pain and headaches, sleep disruption, systemic
immediate hypersensitivity reaction, congenital skeletal abnormality, and joint
hypermobility (4) (Table 1).

Elevated basal serum tryptase (BST) and anaphylaxis severity

Whereas the association between Ha T and elevated BST is now well established, there are
currently very few other known causes for elevated BST. Among Mendelian disorders,
GATAZ2 haploinsufficiency has been associated with elevated BST in some affected
individuals. This rare disorder manifests with multiple protean manifestations such as
lymphedema, bronchoalveolar proteinosis, and immunodeficiency (28). However, in these
individuals, elevated BST may actually herald clonal myeloid disease due to the tendency of
these patients to develop neoplasms of that lineage (29) (30, 31). A single case report also
exists of a patient suffering from Gaucher’s disease, due to heterozygous loss-of-function in
GBA encoding Glucocerebrosidase, with elevated BST (32). However, this may have been
partially a result of type | hypersensitivity to ongoing enzymatic replacement. Finally, the
acquired clonal disorder systemic mastocytosis — frequently resulting from the acquired
gain-of-function missense variant p.D816V in K/T leading to clonal expansion of mast cell
and increased reactivity — can be associated with elevated BST. Other clonal myeloid
neoplasms have also been associated with elevated BST (33).

Despite the relatively few causes for elevated BST, there are a number of studies that have
described a positive association between elevated BST of unknown cause(s) and both
prevalence and severity of anaphylaxis(1, 2) (3-6) (7) (8). Clonal mast cell disorders account
for some of this association as they are associated with both idiopathic and antigen-induced
anaphylaxis. In adults with systemic mastocytosis, the lifetime prevalence of systemic
anaphylaxis is estimated to approach 50% (34) (35), a prevalence much higher than the
general population. However, several studies have demonstrated this association among
individuals without clonal mast cell disease. In one cohort study of food allergic children a
BST of 14.5 ng/mL was reported to have a 90% positive-predictive value for moderate-
severe anaphylaxis . Two additional studies demonstrated that 12—17% of individuals
presenting with idiopathic anaphylaxis had elevated BST in the absence of detectable clonal
mast cell disease in bone marrow (36) (37).
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Hymenoptera venom-induced anaphylaxis (HVA) severity positively
correlates with BST levels

Type | IgE-mediated immediate hypersensitivity to Hymenoptera species — which include
bees, yellow jackets, wasps, and hornets — is one of the most common causes of anaphylaxis
in adults in the United States and is frequently associated with severe anaphylaxis resulting
in hypotensive syncope (38) (34). HVA results in significant morbidity and impairment in
quality of life for those affected, with individuals experiencing anxiety, engaging in
avoidance behavior, and restricting outdoor physical activities (39) (40). The early and
accurate diagnosis of venom allergy is vital as patients with venom allergy are candidates for
venom immunotherapy, a treatment which can dramatically reduce the risk of recurrent
severe reactions (41).

The grading scale for clinical anaphylaxis severity has evolved over time. The seminal
grading system was developed by Ring and Messmer in 1977 (42) and modified by a
Scandinavian guideline added a fifth severity category (43). A simpler alternative was
developed in 2004 but was limited in the context of a perioperative setting as ‘severe’ did not
distinguish between patients who have relatively mild or life-threatening reactions (44). In
2006, an attempt to standardize diagnostic criteria for anaphylaxis was published by The
National Institute of Allergy and Infectious Diseases/Food Allergy and Anaphylaxis
Network (NIAID/FAAN). An international consensus was reached on definition and
management of acute hypersensitivity (45) with the advantage of facilitating diagnosis of
anaphylaxis (IgE or non-IgE mediated) at the time of reaction. However, there still remained
disagreement as to what constitutes a grade 1 reaction. Currently, the majority of physicians
use the Mueller grading system of anaphylaxis (grade 1: urticaria or erythema, itching,
malaise or anxiety; grade 2: edema, tightness in the chest, wheezing, abdominal pain, nausea
and vomiting, and dizziness; grade 3: dyspnea, dysarthria, hoarseness, weakness, confusion,
and a feeling of impending doom; grade 4: loss of consciousness, incontinence of urine or
feces, or cyanosis) (46).

Because HVA results from immediate hypersensitivity, with virtually all affected individuals
demonstrating sensitization to Hymenoptera species via skin testing or serum venom-
specific IgE (47) modifying diseases or traits were at least partially over-looked for many
years. However, many studies have now shown a correlation between elevated BST and
more severe — principally grade 1V — HVA (13) (48) (2) (Table 2). Because of this
correlation serum tryptase measurements have been proposed as a method for stratifying risk
among Hymenoptera-allergic patients. Patients classified as low risk have tryptase values of
<4 ng/mL (35.5% [n=50/141]), intermediate-risk ranging from =4 to 7.5 ng/mL (62.5%
[n=107/172]), and high risk had tryptase values >7.5 ng/mL (88.5% [n=46/52]) (11). In
these studies, it had been suggested that the patients with very high BST (>13.8 ng/ml),
might be affected by a mast cell activation disorder.

HVA among adults with cutaneous or systemic mastocytosis was initially described in case
reports and small series (49) (50) (51) (52) (53) (54). Two larger studies subsequently
demonstrated a higher incidence of HVA in adults with mastocytosis than in the general
population, whereas in children with mastocytosis who frequently do not have systemic
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involvement, no such association was observed (55) (7). While this association in adults
contributes to the risk for severe HVA among venom allergic individuals with elevated BST,
it appears insufficient to account for it entirely. In one study of 15,298 individuals evaluated
in a general allergy clinical in Austria, 900 (5.9%) presented with increased BST — 24% of
those having elevated BST reporting HVA (15). Were clonal mast cell disease to fully
account for this association, the prevalence would be ~1.4% in this cohort (N=216/15,298) —
approximately 100 times more common than estimated in the general population (56) (Fig.
1).

HaT as a modifier of HVA

Although it has been well-established that elevated BST is associated with more severe HVA
only recently was Ha T identified as the common cause for elevated BST and a heritable
modifier of anaphylaxis severity in humans. Moreover, there may be an additive or
synergistic effect of HaT and clonal mast cell disease on anaphylaxis severity (5). In a small
cohort analysis of ostensibly healthy volunteers enrolled in the ClinSeq® study, individuals
that screened positive for Ha T were estimated to be 11 times more likely (OR 11.4, range
1.4-94.0) to suffer from systemic venom reactions compared to individuals without Ha. T
(16). Based on this preliminary study, the prevalence of HaT in two large cohorts of HVA
patients from Italy and Slovenia has subsequently been examined (5). In the Italian cohort of
individuals with grade IV HVA (N=282) all individuals had been extensively screened for
clonal mast cell disease. While only a fraction (16.7%) of the entire cohort was available for
genetic testing, the prevalence of Ha T was found to be as least >8.5% in the entire cohort —
accounting for 21/26 (81%) of those tested with elevated BST and no evidence of clonal
disease. Moreover, 14.3% (N=3/21) of those screened with ISM and HVA were found to
have concomitant Ha T. In the Slovenian cohort which had not been universally screened for
clonal mast cell disease, but included individuals with grades I-1V anaphylaxis, Ha T was
found to be significantly more prevalent in individuals with grade 1V anaphylaxis compared
to the other grades (21/229 vs. 12/278, P<0.05) (Fig. 1). Furthermore, all individuals
identified with clonal mast cell disease and Ha.T (N=5) presented with grade 1V HVA.
Importantly, the prevalence among all individuals with HVA in the Slovenian cohort was not
greater than expected for the general population (6.5%, N=33/507) indicating that Ha.T is
unlikely to affect allergic sensitization to Hymenoptera species, but rather modify reactivity
among allergic individuals. The authors also found that Ha. T was more prevalent in both
severe idiopathic anaphylaxis (17%) and SM (12.2%), relative to controls. Furthermore,
amongst patients with SM, concomitant Ha T was associated with an increased risk for
systemic anaphylaxis (P=0.007) including HVA, suggesting that Ha T may potentially
modify immediate hypersensitivity symptoms more generally (5).

Alpha-tryptase dependent mechanisms that may potentiate anaphylaxis

severity

As previously mentioned, tryptase protomers are enzymatically inactive and undergo a step-
wise proteolytic processing that results in heparin-stabilized mature tryptases that assemble
into tetrameric complexes (23). Both a.- and p-tryptases are expressed and secreted by
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human mast cells, but a-tryptase tetramers lack enzymatic activity, whereas p-tryptase
tetramers have trypsin-like serine proteinase activity (57). Recently, the natural formation of
a/p-tryptase heterotetramers has been discovered with tetramers existing in a 2:2
stoichiometry, exhibiting enhanced stability and expanded proteolytic activity (57). In
contrast to homotetramers, a/p-tryptase heterotetramers have been shown as both uniquely
able to contribute to vibration-induced mast cell degranulation via cleavage of the
mechanosensing adhesion GPCR, Adhesion G protein-coupled receptor E2 (or EMR2
encoded for by ADGREZ). EMR2 is expressed by dendritic cells, monocytes and
macrophages, and all types of granulocytes (58). A missense gain-of-function variant in
ADGREZ?is associated with a very severe form of familial vibratory urticaria (59) and a
common clinical finding of patients with HaT is cutaneous flushing, pruritus, and in some
cases hives, with vibration often being reported as a trigger (16). It has also been shown that,
when adhered to dermatan sulfate, cultured mast cells can be uniquely activated by a
vibratory stimulus, when a/p-tryptase heterotetramers are present (57).

In contrast to B-tryptase homotetramers, and inactive a-tryptase tetramers, heterotetrameric
a/B-tryptases have also been shown as uniquely able to cleave and activate protease
activated receptor 2 (PAR2) in Jurkat cells (57). PAR2 is encoded by the F2RL 1 gene and is
involved in modulations of inflammatory responses, metabolism (60), obesity (61), and
detects proteolytic enzymes generated during infection (62). It is a 7-transmembrane
receptor, activated by trypsin, leading to proteolytic cleavage of its extracellular domain,
resulting in a new amino terminus that functions as a tethered ligand and activates the
receptor. PAR2 has been implicated in paracellular permeability in the gut (63), and it has
recently been shown that a/B-tryptase heterotetramers selectively promote human
endothelial cell permeability in a PAR2-dependent manner (5). Together, these findings of
the unique activities of heterotetrameric tryptases, and their ability to augment mast cell
activation and target cell response to mediators respectively, provide a potential mechanism
whereby a-tryptase over-expression as observed in HaT may modify HVA. Moreover, in a
humanized mouse model of systemic IgE-mediated anaphylaxis, inhibition of tryptase
enzymatic activity was shown to reduce anaphylaxis severity (64). Thus, tryptase inhibition
may prove to be a useful therapeutic strategy to limit anaphylaxis severity in selected
individuals in the future.

Conclusions

HaT is an autosomal dominant genetic trait that is the common cause for elevated BST in
Western populations. While a major factor contributing to the established association
between elevated BST and severe HVA is clonal mast cell disease, Ha T appears to also
contribute to this clinical finding. Furthermore, when both HaT and clonal mast cell disease
are present, the risk for severe HVA and anaphylaxis appears to be even greater. While
mechanistic studies are ongoing to understand these clinical observations, the recent
identification of a/B-tryptase heterotetramers and their unique /n vitro properties provides
potential insight into how a-tryptase over-expression might modify mast cell reactivity.
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greater likelihood of severe HVA.

. a/p-Tryptase heterotetramers have unique functional activities that may
potentiate immediate hypersensitivity reactions.

Key Points
. Elevated BST is most commonly caused by HaT in Western populations.
. HaT is the first identified common heritable genetic modifier of HVA in
humans.
. Having concomitant clonal mast cell disease and Ha.T is associated with
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grade IV\SM

Total population

Figure 1.
Scale Venn diagram depicting the measured prevalence of hereditary alpha tryptasemia

(HaT), the estimated prevalence of systemic mastocytosis (SM), Hymenoptera venom-
induced anaphylaxis (HVA), grade 1V (Mueller scale) HVA reactions, and their respective
overlap with one another.
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Clinical features reported in association with hereditary alpha-tryptasemia (Ha T).

Table 1.

Manifestation

Reported Prevalence™

Association Supported in an
Unselected Cohort¢

Basal serum tryptase >8ng/mL

Chronic gastroesophageal reflux symptoms
Arthralgia

Body pain/Headache

Flushing/Pruritus

Irritable bowel syndrome (Rome I11)

Sleep disruption

Systemic immediate hypersensitivity reaction
Retained primary dentition

Systemic venom reaction

Congenital skeletal abnormality

Joint Hypermobility

Positive Tilt-table test

100%
56-77%
44-45%
33-47%
32-55%
28-49%
22-39%
21-28%
20-33%
14-22%
11-26%
0-28%
0-11%

Yes
No
No
No
Yes
Yes
No
No
Yes
Yes
No
No
No

*
in order of reported prevalence, ranges are derived from available data in three reports (27) (26) (26, 65)

’ffinding was identified as significantly associated with increased 7PSABI copy number in an unselected volunteer adult population.
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Table 2.

Major studies examining the relationship between elevated BST and HVA.

Page 14

Study Population

Major Finding

Reference

15, 298 atopic

962 venom allergic

548 venom allergic
82 SM
47 1A

365 venom allergic
214 ACS

500 venom allergic
480 venom allergic
379 venom allergic

274 venom allergic

259 venom allergic

109 venom allergic

10 venom allergic

Patients with elevated BST have a higher risk of severe anaphylaxis, with 24% reporting HVA

In patients with venom allergy, BST concentrations are associated with the risk for severe
anaphylactic reactions

HaT accounts for >80% of individuals with elevated BST and severe HVA and IA who do not
have a CMD, is significantly more prevalent in CMDs, and having concomitant Ha T with a
CMD is associated with greater anaphylaxis risk

Tryptase levels contribute to the severity of HVA and ACS, two completely different clinical
conditions

In addition to BST and age, risk factors for severe anaphylaxsis include an absence of urticaria
or angioedema and a short sting to reaction interval

Indicators for severe systemic sting reactions include latency time, the absence of skin
symptoms, age, and elevated BST

Anaphylaxis with hypotension in HVA without urticaria/angioedema/typical skin lesions,
regardless of BST level, may be a factor for identifying CMDs

Elderly patients with increased serum tryptase levels are at increased risk for life-threatening
anaphylactic reactions

Increased BST is a risk factor for severe systemic allergic reactions to Hymenoptera stings

BST levels were elevated in 11% of venom allergic patients and correlated with sting reaction
severity and age

HVA in patients with urticaria pigmentosa most often are IgE-mediated but can occur in a
non-1gE manner

Fellinger et al, 2014
Rueff et al, 2009

Lyons et al, 2020

Farioli et al, 2019

Chapsa et al, 2020

Fehr et al, 2019

Bonadonna et al, 2015

Guenova et al, 2010

Haeberli et al, 2003

Kucharewicz et al, 2007

Fricker et al, 1997

ACS — acute coronary syndrome; CMDs — clonal mast cell disorders; SM — systemic mastocytosis; 1A — idiopathic anaphylaxis.
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