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Abstract

Introduction. Tryptase, a mast cell-derived protease, plays a significant role in the diagnosis and pathogenesis of allergic and in-
flammatory diseases. The baseline serum tryptase level is used as a biomarker for the diagnosis of conditions associated with mast
cell activation, which may be accompanied by severe allergic reactions and anaphylaxis. Studying tryptase isoforms, along with
their structural and functional variations, aids in understanding genetic predisposition and the mechanisms underlying inflamma-
tory diseases such as bronchial asthma and chronic inflammation.

Materials and Methods. A detailed investigation of the structure and function of various tryptase isoforms was conducted. Bi-
ochemical properties human tryptase isoforms were examined. The analysis included the study of the genes TPSAB1, TPSB2,
TPSGH1, and TPSD1, which encode different forms of tryptase, and the assessment of their activity. Tryptase secretion has been
investigated, along with various factors influencing its release.

Results. Tryptase, a mast cell-derived enzyme, is represented by four major isoforms—a, B, y, and 8. Among the secreted isoforms,
a- and B-tryptases are the most prominent, B-tryptase exhibits the highest catalytic activity, whereas «-tryptase demonstrates
limited enzymatic function. The tryptase genes are located on chromosome 16 and show a high degree of homology. Key genes
TPSAB1 and TPSB2 encode active forms of tryptase, and an increased number of TPSAB1 copies leads to elevated baseline
tryptase levels, heightening the risk of allergic reactions. Tryptase plays a role in inflammatory and allergic processes, including
mast cell degranulation, affecting vascular permeability and leukocyte recruitment.

Conclusion. The collected data on the secretion and functions of tryptase produced by mast cells suggest that it can be regarded
as a multifunctional mediator, acting through specific molecular and cellular mechanisms. Tryptase is critically involved in the
pathogenesis of inflammatory processes and allergic responses across multiple organs and systems, including the respiratory tract
and the skin. Understanding the biochemical characteristics and genetic features of tryptase isoforms opens new opportunities for
the development of diagnostic and therapeutic approaches for high-impact allergic diseases.
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AuHOTanUsA

AxrtyanpHocTh. Tpunrasza, (epMeHT TYYHBIX KJIETOK, UTPAeT 3HAYMMYIO POJIb B JIMATHOCTUKE MU ITaTOTeHe3e aJIepPriuyecKux
U BOCIIAJIUTEIbHBIX 3a00JieBanuil. BasoBblil yPOBEHb TPUIITA3bl B CBIBOPOTKE UCIOJIB3YETCsI KaK MHAUKATOP JJISI TMATHOCTHKI
3a00JIeBaHU, COIIPOBOKIAIUINXCS AKTUBAIMEH TYUHBIX KJIETOK, KOTOPbIE MOTYT COIPOBOXKIATHCS TSIKEJIBIMU aJLJIEPIUIeCKUMIE
peakiusamMu 1 aHaduaakcueil. Misydenne nzohopm TpUNTA3bl, X CTPYKTYPHBIX U (DYHKIIMOHAIBHBIX BAPUAIIUIA, TOMOTAET MTOHATH
FEHETUYECKYTO TIPEIPACTIOIOKEHHOCTh U MEXaHU3MbI BOCHIAJITE/bHBIX 3a00JI€BAHNUIT, TAKMX KaK OPOHXUAIbHAS aCTMA U XPOHUH
YecKoe BOCIAJIEHUE.

Martepuaist u MeTozbl. [IpoBe/ieHO fieTanbHOE HCcyieloBaHie CTPYKTYPBI U (DYHKIUI PasinyHbX 130(hopM TpunTassl. V3yyeHbr
GuoxuMuUecKre 0COOEHHOCTU Pas3IMYHBbIX U30(hOPM TPUIITA3bl YeJoBeKa. AHamu3 BKItouan usydenue renos TPSAB1, TPSB2,
TPSG1 u TPSD1, kogupyomux pasHbie (hOPMbI TPUIITA3bI, a TAKKe OIIEHKY MX aKTUBHOCTH. VI3yueHa cekperus TpUITasbl, a TakG
ke (DaKTOPBI, BJIUSIONINE HA €€ CEKPEINIO.

Pesyabratel. Tpunrasa, GepMeHT TYYHBIX KJIETOK, IPEACTABIEHA YeThIPhMS OCHOBHBIMU M30(opMaMu — o, B, y 1 8. Cpein HUX «-
U B-TPUIITA3bI SBJISIFOTCS CEKPETUPYEMBIMU, [IPH 3TOM B-TPHUIITaza 00JaaeT HauboJIbIlel KaTaJluTUIeCKOil aK THBHOCTBIO, TOT/A
KaK o-TPUIITa3a UMeeT HU3KYI0 (ePMEHTATUBHYIO aKTUBHOCTD. [erepoTeTpamepsl o/B 001aat0T YHUKAIbHOI aKTUBHOCTBIO 110
CPaBHEHUIO C TOMOTETPaMepaMu B, 3aIeCTBYS MOJIEKYJIbI-MUIIIEHU, HEAKTUBHBIE /17151 3-TOMOTETPAMEPOB, YTO OKA3bIBAET BJAUSHUE
Ha aKTUBHOCTH TYYHBIX KJIETOK. [€HbI TPUIITA3bI PACIIOIOKEHB HA XpoMocoMe 16 1 MMEOT BBICOKYIO CTeIIeHb TOMOJIOTHH. BaskHbie
rerabl TPSAB1 u TPSB2 konupytor akTusHbie (hopMbI, a yBeiudeHue urcia Kornuit TPSAB1 npuBoaut K nosbimenuto 6azajibP
HbIX ypOBHefI TPUIITA3bl, yBEJIMYNBAA PUCK PA3BUTUA aJIJIEPTUYECKUX peaKHI/IfI. TpHHTaSa UrpaeT poJib B BOCHTAJIUTEJIbHBIX U aJIX
JIEPTUYECKUX MPOIIECCAX, B TOM YHUCJIE B JIETPAHYJISIINN TYYHBIX KJIETOK, B HA COCYAMCTYIO IPOHUIIAEMOCTb U TIPUBJICUCHUE
JIEWKOIIUTOB.

3axmouenue. CoOpaHHbIE IaHHBIE O CeKPelny 1 (DYHKIMSIX TPUIITA3bL, IPOAYIIUPYEMOU TYUHBIMU KJIETKAMH, [IO3BOJISIIOT CYUNTATD
ee MHOFOq)yHKLII/IOHaJIbeIM MEANaTOPOM, BOSHeﬁCTByIOHlHM ITOCPEACTBOM CHeLII/I(I)I/I‘{eCKI/IX MOJIEKYJIAPHBIX 1 KJIETOYHBIX MEXaH
HU3MOB. TpuIITasa Urpaet BasKHYy0 POJib B IATOTEHE3€ BOCIAIMTENbHBIX [TPOIECCOB U A/UIEPTHUECKIX PEaKI[il B PAa3HOOOPa3HbIX
OpraHax U CHCTeMax, BKJIUAs PECIMPATOPHYIO CUCTEMY U KOXKY. [loHMMaHue GUOXUMUYECKUX XaPAKTEPUCTUK U T€HETHYECKIX
ocobeHHocTel n30(hOPM TPUIITA3bI OTKPHIBAET BO3MOKHOCTH JIJIs Pa3pabOTKU HOBBIX METO/IOB JIUATHOCTUKY U JICUCHUS AJLJIEPIUO
yecKUX 3a00JI€BaHIIl ¢ BBICOKOU COUAIbHON 3HAUNMOCTBIO.
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INTRODUCTION

Tryptases belong to the family of serine proteases
of mast cells. In healthy individuals, baseline serum
tryptase levels are stable. Baseline serum tryptase
concentration is an important diagnostic marker, as
its elevation may indicate the presence of diseases as-
sociated with mast cell dysfunction and increase the
risk of severe allergic reactions. Studies show that
even tryptase levels within the normal range may
be associated with an increased likelihood of aller-
gic conditions. In acute cases, such as anaphylaxis,
tryptase levels rise significantly, reaching peak val-
ues. Therefore, it is extremely important to perform
sequential peak and baseline measurements of serum
tryptase in acute situations, especially during the as-
sessment of anaphylaxis [1].

Tryptases can have different genetic variants,
perform different functions, and participate in the
development of diseases in different ways. Future re-
search on tryptase requires the improvement of lab-
oratory methods that will allow for a more accurate
assessment of its biological functions, participation in
pathological processes, and clinical significance.

ISOPHORMS AND STRUCTURE OF HUMAN
TRYPTASE

Human tryptases consist of four isoforms, in-
cluding secreted «- and B-tryptases encoded by the
TPSAB1 and/or TPSB2 genes, §-tryptase encoded
by the TPSD1 gene, and membrane-bound y-tryptase
encoded by the TPSG1 gene (Table 1).

Human 8-tryptase has a C-terminal truncation
and lacks important substrate-binding residues.
Thus, human 8-tryptase is considered a protein with
no biological activity.

Tryptase, a mast cell enzyme, is represented by
four main isoforms: «, B, y, and 8. Among them, «- and
B-tryptase are secreted, with B-tryptase having the
highest catalytic activity, while «-tryptase has low en-
zymatic activity. In most serine proteases, including
B-tryptase, a glycine residue is found at position 216,
which is necessary for the proper functioning of the
active site. a-tryptase has virtually no catalytic activ-
ity, partly due to the replacement of aspartic acid at
this position. In a-tryptase, this position is occupied
by aspartic acid, which reduces its catalytic ability. In
addition, the amino acid substitutions p.G216D and

Table 1. Biochemical characteristics and enzyme formats of various human tryptase isoforms (author’s table)
Tabnvua 1. Buoxummnyeckmne ocob6eHHoOCTU U popmMaTbl GEPMEHTOB PA3NIUYHbLIX N30OPM TPUNTa3bl YeNoBeka (Tadbnu-

ua aBTOpa)
Tryptase isoforms Gene Activity
«-tryptase TPSAB1 inactive
Bl-tryptase TPSABT1 nnn TPSAB2  triptych
Bll-tryptase TPSAB1 vnn TPSAB2  triptych
Blll-tryptase TPSAB2 triptych
y-tryptase TPSG1 triptych
d-tryptase TPSD1 inactive

Protein-enzyme format

Inactive promo number

Inactive homotetramer

Active heterotetramer o/

Inactive promonomer and monomer
Active tetramer

Inactive promonomer and monomer
Active tetramer

Inactive promonomer and monomer
Active tetramer

Active; with membrane mounting
Truncated; probably monomeric
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p.D189K cause changes in segment 214—-220, which
leads to partial filling of the S1 pocket, the active site
region necessary for substrate binding. These struc-
tural features prevent substrate access to the active
site, which explains the low activity of a-tryptase [2].

B-tryptase has three main isoforms: BI-tryptase,
lI-tryptase, and BIII-tryptase. These three isoforms
of B-tryptase have more than 95% homology and
similar catalytic activity. Among B-tryptases, approx-
imately 23% of people of European descent carry a
nonsense variant of BITI-tryptase, resulting from the
insertion of a single base pair, which leads to a reading
frame shift and a premature stop codon (BIII FS). In
the case of expression, the resulting protein will have
alarge truncation at the C-terminus and will not have
an active site [3].

The ratio of active B-tryptase alleles to inactive
alleles (including «-tryptase and BIIT FS-tryptase)
determines the activity of tryptase in mast cell gran-
ules. [2].

The genetic basis of frequent and recurrent loss-
of-function variants that led to the formation of
a-tryptase, truncated BI1T FS-tryptase, and 8-tryptase
during human evolution, as well as how active and
inactive tryptase alleles affect human disease and
host defense, is not fully understood at present [2].
a-tryptase does not have a functional active site and
does not possess any catalytic activity of its own.
However, pairs of a-tryptase with g-tryptase form
active a/B-tryptase heterotetramers.

Tryptase is a tetrameric trypsin-like protease with
astrictly controlled assembly mechanism. Full-length
tryptases contain a propeptide at their N-terminus
(protryptase zymogen); cleavage of the propeptide
by cathepsins in mast cell granules appears to be nec-
essary for tryptase activation [4]. Mature tryptase
monomers (with removed propeptide sequences)
form tetramers in the secretory granules of mast cells,
which have an acidic pH environment and abundant
heparan glycosaminoglycans. Since tryptase mono-

mers have negligible catalytic activity under phys-
iological conditions, tetrameric tryptases are the
predominant enzymatically active protease in mast
cell granules. Tetramer formation is facilitated under
low pH conditions and by binding to heparin glycos-
aminoglycan. Structural analysis of mature tryptases
reveals a toroidal, doughnut-like tetramer comprising
protomers that interact with their neighbors at both
large and small interfaces. In this tetrameric form,
each tryptase protomer serves as a cofactor to sta-
bilize the neighboring tryptase in a catalytically ac-
tive conformation [5]. Although «-tryptase does not
possess any intrinsic catalytic activity, the «-tryptase
promoter can stabilize and activate the adjacent
B-tryptase in the o/B-tryptase heterotetrameric for-
mat. Interestingly, «/B-tryptase heterotetramers are
reported to have altered catalytic activity toward cer-
tain substrates, such as EMR2 and PAR2 cell surface
receptors, compared to B-tryptase homotetramers.
In addition, tryptase may have unique effects when
interacting with neighboring B-tryptases to regulate
the overall catalytic conformations of 8-tryptase and/
or substrate accessibility [6]. Interactions between
promoters within tryptases are stabilized by heparin,
which is negatively charged and binds to a large posi-
tively charged surface encompassing both small inter-
face surfaces. Since there are no known endogenous
inhibitors of tetrameric tryptase, low concentrations
of extracellular heparin in the peripheral circulation
may serve as a natural mechanism of inactivation. The
concentration gradient of heparin from high concen-
trations inside cells to low concentrations in the ex-
tracellular space promotes the gradual dissolution of
active tryptase tetramers, i.e., their conversion into
inactive forms [7]. A distinctive feature of a-tryptase
compared to B-tryptase is its ability to activate inde-
pendently of heparin, as well as at lower pH values in
insufliciently vascularized areas, which is particularly
important for tissues with chronic inflammation or in
the pathogenesis of bronchial asthma [8].
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Subtelomeric region of the short arm of chromosome 16 at position p13.3

of tryptase, -
constantly released

Basal
tryptase level
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GENES
TPSAB1 TPSB2 TPSG1 TPSD1
¢ Secretory
granules
? o 4 ®
a-and B-
monomers
~~ J/
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Vo

Increase in serum tryptase levels following

Mature tryptase tetramer released by
activated mast cells

mast cell activation

Fig. 1. Production and intracellular transport of human «-, 8-, and y-tryptases in mast cells (illustration by the author)
Puc. 1. Tpon3BoACTBO M BHYTPUKIIETOUHbIV NEPEHOC YeN0BEeYEeCKNX -, 3- N y-TPUMNTAa3 B TY4HbIX KneTkax (nnnoctpa-

uumsa aBTopa)

HUMAN TRYPTASE GENETICS

The human tryptase locus is located in the subtelo-
meric region of the short arm of chromosome 16 at po-
sition p13.3. All four known genes encoding tryptase
(TPSG1, TPSB2, TPSAB1, and TPSD1) are located
in this locus [9, 10]. As it is typical for subtelomeric
regions, the tryptase locus contains large segments of
homologous repetitive sequences that facilitate gene
conversion and replication. Human tryptases are be-
lieved to have evolved in this region through tandem
duplication, which may help explain the high degree
of homology between human tryptase isoforms. The
two most studied loci are TPSB2 and TPSAB1, which
encode biologically important secreted tryptase iso-
forms consisting of «- and B-tryptase. While TPSAB1
can encode either « or B-tryptase, TPSB2 encodes
only B-tryptase (BI, BII, or BIII-tryptase) [2].

Elevated basal serum tryptase levels, consisting
of secreted zimogen a-protryptase and 3-protryptase,
consisting of secreted zimogen «-protryptase and
B-protryptase, are inherited in an autosomal domi-
nant manner in humans. This increase in basal serum
tryptase levels is the result of TPSAB1 duplications,
which encode a-tryptase, a genetic trait known as he-
reditary «-tryptasemia. However, the increase in ba-
sal serum tryptase levels far exceeds what would be
expected based solely on the excess number of copies.

It has been suggested that the increase in basal serum
tryptase levels is mainly the result of overexpression
of tryptase on the replication-competent allele, but
this has not been proven. Indeed, individuals car-
rying up to four additional copies of TPSAB1 have
been reported to date, and it has been shown that
basal serum tryptase levels follow a dose-response
effect, with each additional replication of TPSAB1
increasing basal serum tryptase levels by approxi-
mately 9.5 ng/ml [11, 12].

There have also been reports of copy number loss
in the tryptase locus, but it is unclear whether these
structural variants exist in the TPSAB1 or TPSB2
locus. An increase in the number of copies encoding
B-tryptase has also been reported, but where it is pres-
ent, it has not been shown to correlate with elevated
basal serum tryptase levels, and it is currently un-
known whether these replicates exist in TPSAB1 or
TPSB2. Ultimately, the location of these duplications
or deletions may be arbitrary, given that any locus can
encode any of the known active versions of B-tryptase
(8I- TIT) [13].

The tryptase gene undergoes various mutations,
leading to insufficient transcription, zymogen acti-
vation, catalytic site conformation, and even gene
deletion as a whole [14]. Tryptase gene polymor-
phisms are numerous, and the number of functional
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tryptase alleles that a person can carry varies from
two to four [15]. The number and type of functional
alleles carried by an individual can alter baseline sys-
temic tryptase levels. Genetics aftects baseline serum
tryptase levels [16, 17].

TRYPTASE SECRETION

Tryptase is produced in the form of «-, B-, y-, and
3-subunits in the endoplasmic reticulum. While the y
subunit remains bound to the membrane of secretory
granules, « and g monomers are continuously released
as enzymatically inactive propeptides into the blood-
stream without a specific stimulus and constitute the
tryptase normally present in serum [18]. In addition,
the «- and B-subunits undergo sequential proteolyt-
ic cleavage (activation). Initially, various forms of
tryptase are expressed as pre-tryptases, then they
rapidly convert to pro-tryptases to become mature
(mainly B) tetrameric tryptase, which is active, sta-
bilized by heparin, and stored in secretory granules,
awaiting appropriate stimuli to induce degranulation.
Cathepsins B, L, or C are also required for conversion
to mature tryptase. In addition, B-tryptase remains
stable after proteolysis with the help of heparin. Hep-
aranase deficiency leads to an increase in tryptase
stores in mast cells due to the formation of larger
heparin chains [4, 18]. Conversely, defects in heparin
synthesis contribute to a decrease in the accumula-
tion of the active form of tryptase [4].

Genetic factors (number and type of functional al-
leles) or activation of mast cells for other reasons also
affect tryptase content. Thus, mast cell activation and
tryptase levels are determined by genetic, exogenous,
and cellular factors [19].

Mature heterotetrameric B-tryptase has high bi-
ological activity against tissues, cells, and molecules
and consists of four non-covalently bound subunits,
each monomer containing an active enzyme site.

a-tryptase also forms mature homotetrameric com-
plexes, but in smaller quantities. Both tetrameric
«- and B-tryptase are released by activated (degran-
ulating) mast cells, and a temporary increase in se-
rum tryptase levels reflects this process. For exam-
ple, in IgE-dependent allergic reactions, an increase
in serum tryptase concentration can be measured as
early as 15 minutes after activation, with a peak in
2 hours [3, 20].

When mast cells are activated, the release of con-
tents into the extracellular space occurs within min-
utes. Regardless of the cause, as a result of mast cell
degranulation, a rapid increase in histamine levels in
peripheral blood is observed within 5 minutes after
the onset of the first symptoms, while the detection
of tryptase is delayed by 15 or 20 minutes due to the
bulky heparin shell. This difference cannot be over-
looked in human medicine because it explains why
histamine and tryptase cannot be optimally measured
in the same blood sample. Indeed, while histamine
can peak 5-10 minutes after the onset of anaphylax-
is symptoms, tryptase measurements at such early
time points often yield values below 12 pg/L, which
are mistakenly considered “normal” or even “nega-
tive” [21, 22].

Baseline serum tryptase levels are the result of
continuous release of immature «- and B-tryptase
monomers; mature tetrameric g-tryptase is stored in
specialized secretory granules, where it is stabilized
by the interaction of proteoglycans with heparin [19,
22]. Mature B-tryptase is not released continuously,
but as a result of mast cell activation. Thus, serum
tryptase levels measured after mast cell degranulation
include both immature and mature forms of «- and
B-tryptase. y-tryptase is a membrane-bound mono-
mer [23].

From a functional point of view, mature tryptase
performs sequential actions (Fig. 2) After degranula-
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tion of mast cells, mature tryptase acts as a vasoactive
agent in the early stages, increasing vascular perme-
ability and promoting edema, as a pro-inflammatory
mediator activating various types of immune cells,
including neutrophils and eosinophils, as a chem-
otactic factor attracting leukocytes and enhancing
the inflammatory response, and as a priming agent
increasing tissue sensitivity to affect other inflam-
matory mediators, including histamine and prosta-
glandins [24, 25]. Under the action of degranulated
tryptase, the formation of bradykinins from kinins
contributes to increased vascular permeability, while
the extracellular matrix is destroyed, which promotes
cell migration. Tryptase induces the recruitment and
activation of leukocytes with a specific chemotactic
effect on neutrophils and eosinophils, which par-
ticipate in the late phase of allergic inflammation.
Tryptase promotes interaction between mast cells
and the mononuclear phagocytic system. In the late
stages of the inflammatory process, tryptase activates
a regenerative function, promoting tissue repair [26].

It stimulates the proliferation and activation of fibro-
blasts, which promotes the synthesis of extracellular
matrix components such as collagen and fibronectin.
Tryptase also promotes angiogenesis to activate en-
dothelial cells and induce the formation of new capil-
laries. These processes are an important part of tissue
remodeling and ensure the restoration of tissue struc-
ture and function after inflammatory damage. More
recent data indicate the role of tryptase in the onset
of pain, such as postoperative pain due to the acti-
vation of nociceptive receptors activated by protease
[27, 28].

Research has traditionally focused almost exclu-
sively on tryptase as an extracellular mediator, but
the latest data indicate the role of tryptase in the
homeostasis of nuclear histones in mast cells and in
the disorganization of histone frameworks during cell
death [29].

Human tryptase is considered to be almost specific
to mast cells, which can contain large amounts, up
to 35 pg per cell. Basophils also contain and release
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tryptase, but they do not contribute significantly
to tryptase levels, according to reports that showed
their tryptase content was 100 times lower than that
of mast cells [30]. Tryptase load varies greatly both
in mast cells, depending on their microenvironment,
and in basophils, ranging from 1 to 100 in different
human donors. Human basophils are capable of se-
creting tryptase upon IgE-mediated activation [31].
In accordance with tryptase synthesis and exocytosis,
as described above, it is important to bear in mind
that the level of circulating tryptase measured at any
given time in a given individual is the combined re-
sult of the activation of the total number of mast cells
(“mast cell load”), their genetically determined level
of «- and B-tryptase production, and their status lead-
ing to the release of mature tryptase.

CONCLUSION

The collected data on the secretion and functions
of tryptase produced by mast cells allow us to con-
sider it a multifunctional mediator that acts through
specific molecular and cellular mechanisms. Tryptase
attracts particular attention due to its involvement in
the pathogenesis of inflammatory processes and aller-
gic reactions in various organs and systems, including
the respiratory system and skin. In addition, tryptase
plays a key role in the regulation of tissue remode-
ling and healing processes, ensuring homeostasis and
tissue repair after damage. Studying the biological
effects of tryptase helps deepen our understanding of
the functional capabilities of mast cells, opening up
new avenues for the diagnosis and treatment of dis-
eases of high social significance.
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