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In Brief

Type 2-low asthma represents a critical
unmet need and an opportunity for new
drug discovery. Here, Maun et al.
demonstrate that increased mast cell
tryptase levels are associated with
asthma severity independent of type 2
inflammation and that increased active
tryptase alleles are associated with
decreased clinical responses to anti-IgE
treatment. They generated a
noncompetitive inhibitory anti-tryptase
antibody with in vivo activity in humanized
mouse and cynomolgus monkey models
as a clinical candidate for severe asthma
treatment.
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SUMMARY

Severe asthma patients with low type 2 inflammation
derive less clinical benefit from therapies targeting
type 2 cytokines and represent an unmet need. We
show that mast cell tryptase is elevated in severe
asthma patients independent of type 2 biomarker
status. Active B-tryptase allele count correlates
with blood tryptase levels, and asthma patients car-
rying more active alleles benefit less from anti-IgE
treatment. We generated a noncompetitive inhibitory
antibody against human B-tryptase, which dissoci-
ates active tetramers into inactive monomers. A
2.15 A crystal structure of a B-tryptase/antibody
complex coupled with biochemical studies reveal
the molecular basis for allosteric destabilization of
small and large interfaces required for tetrameriza-
tion. This anti-tryptase antibody potently blocks

tryptase enzymatic activity in a humanized mouse
model, reducing IgE-mediated systemic anaphy-
laxis, and inhibits airway tryptase in Ascaris-sensi-
tized cynomolgus monkeys with favorable pharma-
cokinetics. These data provide a foundation for
developing anti-tryptase as a clinical therapy for se-
vere asthma.

INTRODUCTION

Asthma is a common human respiratory disorder characterized
by episodic reversible airflow obstruction, bronchial hyperreac-
tivity, and variable airway inflammation (Cohn et al., 2004; Mad-
dox and Schwartz, 2002; Trivedi and Caughey, 2010). Severe
asthma patients, representing 5%—-10% of the total asthma pop-
ulation, remain inadequately controlled, despite intensive treat-
ment with inhaled corticosteroids and B-adrenergic agonists,
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and contribute to nearly 50% of the healthcare cost of asthma
(Ray et al., 2016).

Asthma is heterogeneous and driven by diverse pathogenic
mechanisms (Fahy, 2015). Approximately half of asthma pa-
tients exhibit elevated markers of type 2 cytokine-driven
inflammation, including blood and sputum eosinophils, frac-
tional exhaled nitric oxide (FeNO), serum periostin, and immu-
noglobulin E (IgE), despite similar clinical presentation to “type
2-low” patients (Fahy, 2015; Galli and Tsai, 2012; Staton et al.,
2016; Woodruff et al., 2009). Antibody therapies that inhibit
type 2 effector cytokines or IgE can improve lung function
and reduce asthma exacerbation rates in “type 2-high” pa-
tients (Corren et al., 2011; Fahy, 2015; Hanania et al., 2013;
Ortega et al., 2014, 2016; Rabe et al., 2018). However, clinical
studies with these agents consistently identify a subset of pa-
tients with low levels of type 2 biomarkers and limited benefit
from type 2-targeted therapy, which represents a redefined
unmet medical need in asthma (Corren et al., 2011; Haldar
et al., 2009; Ortega et al., 2016). The molecular mechanisms
driving type 2-low asthma are poorly understood and likely
heterogeneous.

Tryptase is the most abundant secretory granule protein in hu-
man lung mast cells (MCs) (Hallgren and Pejler, 2006; Schwartz
et al., 1981). It is primarily expressed in MCs and to a lesser de-
gree in basophils (Jogie-Brahim et al., 2004). B-Tryptase, a tetra-
meric trypsin-like serine protease with a “donut-like” structure,
is stored in human MC secretory granules in its active tetrameric
form, stabilized by heparin proteoglycans (Alter et al., 1987;
Hallgren et al., 2005; Schwartz and Bradford, 1986). The active
site of each protomer faces the interior of the central pore, which
restricts accessibility of biological substrates and inhibitors and
imposes challenges for the design of pharmacological inhibitors
(Pereira et al., 1998; Sommerhoff et al., 1999). There are no
known endogenous active-site inhibitors of human tryptase
(Alter et al., 1990). Rather, after degranulation, tetrameric tryp-
tase dissociates over time into inactive monomers as its natural
mechanism of inactivation.

Tryptase-positive MCs are elevated in human asthmatic
bronchial tissue, where they localize to epithelium, glandular,
and bronchial smooth muscle regions, and their numbers
correlate with airway hyperreactivity (Brightling et al., 2002;
Kaur et al., 2010). Tryptase has broad biological activities,
including promoting proliferation and contraction of lung
smooth muscle cells (SMCs), stimulating collagen production
by lung fibroblasts and degrading muscle-relaxing neuropep-
tides (Berger et al., 2001; Cairns and Walls, 1997; Franconi
et al.,, 1989; Hallgren and Pejler, 2006; Iddamalgoda et al.,
2008; Sekizawa et al., 1989; Woodman et al., 2008). Tryp-
tase-knockout mice exhibited reduced airway hyperreactivity
in an allergen-induced asthma model (Cui et al., 2014). Multiple
efforts were devoted to develop oral or inhaled tryptase small
molecule inhibitors (SMIs) targeting its active site (Krishna
et al., 2001; Sutton et al., 2002; Wright et al., 1999). These
SMis reduced bronchial constriction and improved methacho-
line-induced airway hyperreactivity in animal models of asthma,
and one ameliorated the late asthmatic response in a human
phase Il allergen challenge study (Krishna et al., 2001; Sutton
etal., 2002; Wright et al., 1999). However, none is currently un-
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der development due to inadequate specificity, potency, oral
bioavailability, or tolerability. Development of a specific tryp-
tase inhibitor with desired in vivo properties remains a
challenge.

Here, we show that tryptase levels in blood and airway fluid
are elevated in asthma patients and that tryptase levels in hu-
man asthmatic bronchoalveolar lavage (BAL) fluid correlate
with disease severity. Elevated levels of tryptase in moderate-
severe asthma are uncoupled from type 2 biomarker levels.
Active tryptase degranulates MCs, and active tryptase allele
count in asthma patients correlates with peripheral blood tryp-
tase levels. We generated a humanized antibody that binds to
human o- and B-tryptases and potently inhibits active B-tryp-
tases in vitro and in vivo. Our study provides a clinical rationale
for developing an anti-tryptase antibody as a therapeutic agent
for severe asthma, particularly for type 2 inflammation-inde-
pendent subsets.

RESULTS

Tryptase Is Elevated in Human Asthma Patients
Independent of Type 2 Inflammation

To examine tryptase levels in asthma, we developed an immu-
noassay using two monoclonal antibodies with non-overlap-
ping epitopes that recognize all 4 isoforms of tryptase,
including a-, Bl-, Bll-, and Blll-tryptase monomers and tetra-
mers (Figure S1A). We analyzed patients with different asthma
severities as previously defined by their asthma symptoms and
responsiveness to inhaled steroids (Jia et al., 2012; Simpson
et al., 2014) and found elevated tryptase levels in BAL fluid in
asthma patients compared with healthy volunteers (Figure 1A).
Increased levels of tryptase in BAL fluid correlated to asthma
severity, with severe asthma patients exhibiting the highest
levels (Figure 1A). While there were no differences in plasma
tryptase levels between healthy volunteers and mild-to-moder-
ate asthma patients, levels were significantly elevated in severe
asthma patients (Figure 1B).

To understand whether type 2 inflammation is related to
tryptase levels in asthma patients, we analyzed the concentra-
tion of tryptase relative to levels of type 2 biomarkers. While
BAL fluid tryptase levels correlated positively with blood eo-
sinophils and serum periostin in patients with mild asthma
(Figures 1C, S1B, and S1C), this relationship was absent in
patients with severe asthma, in whom plasma and BAL fluid
tryptase levels were comparably elevated in eosinophil-low
and eosinophil-high subsets compared to healthy subjects
(Figures 1D, 1E, and S1D-S1F). Taken together, these obser-
vations show that tryptase levels in asthma (1) are elevated in
airways, (2) increase with disease severity, and (3) do not
correlate with biomarkers of type 2 inflammation in severe
asthma.

Active B-Tryptase Allele Count Is Correlated with
Peripheral Tryptase Levels

Soluble active human tryptases are produced by 2 closely
spaced genes on chromosome 16: TPSAB1 and TPSB2.
TPSAB1 and TPSB2 are polymorphic and can generate 4
different isoforms: a-, Bl-, Bll-, and Blll-tryptase (depicted in
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Figure 1. Elevated Total Tryptase in Severe Asthma Patients Independent of Type 2 Inflammation
(A and B) Tryptase in bronchoalveolar lavage (BAL) (A) and plasma (B). BAL tryptase levels (mean + SE) are albumin normalized to account for dilution. Patient

numbers are in STAR Methods.

(C) Normalized tryptase in BAL of mild asthma patients stratified by blood eosinophil counts (300 cells/pL as cutoff).

(D and E) Tryptase in BAL (D) or plasma (E) of healthy subjects and severe asthma patients stratified as in (C).

Box plots display 25th percentile (lower line), median (middle line), 75th percentile (box), and 95 percentile (whiskers). Each dot represents an individual patient.
Mann-Whitney tests were used to compare differences between groups. *p < 0.05, **p < 0.01, ***p < 0.001.

Figure 2A) (Pallaoro et al., 1999), with a-tryptase being catalyt-
ically inactive (Huang et al., 1999). About 23% of European
ancestry subjects carry a Blll-tryptase with a frameshift poly-
morphism (BIIIFS) that leads to a C-terminal tail truncation (Triv-
edi and Caughey, 2010). Tetramers of a- and BllIIFS-tryptase
should lack catalytic activity (Trivedi and Caughey, 2010).
Therefore, as there are 2 genes encoding active tryptase on
each of 2 chromosomes 16 per subject, a given subject theoret-
ically carries between 0 and 4 active B-tryptase alleles. We
sequenced DNA from 473 severe asthma patients and 1,511
healthy controls of European ancestry using PCR-based
Sanger sequencing to quantify active tryptase alleles spanning
TPSAB1 and TPSAB2 (total number of Bl-, Bll-, or Blll-tryp-
tases). We also used whole-genome next-generation
sequencing (WGS) methods (Lyons et al., 2018, 2016); results
between Sanger sequencing and WGS are in accord (Figures
S2A-S2C). The distributions of active tryptase allele counts
were comparable between severe asthma patients and healthy
controls (Figure 2B).

Next, we determined that tryptase active allele counts
correspond to tryptase catalytic activity in MC lysates (Fig-
ure 2C) and that active tryptase allele count strongly corre-
lated with plasma and serum tryptase levels in healthy sub-

jects and 2 independent asthma cohorts. Asthma patients
and healthy volunteers carrying 4 active tryptase alleles
have ~2.5-fold higher tryptase levels compared with those
carrying 2 active tryptase alleles (Figures 2D-2F). Genetic
linkage association and WGS data revealed a small percent-
age of patients with increased TPSAB1 o-tryptase copy
numbers leading to increased total tryptase levels in serum
and to a multisystem disorder (Lyons et al., 2016). We identi-
fied ~3% of patients with increased a-tryptase copy numbers
who exhibited increased serum tryptase levels (Figure S2D).
However, given the substantially higher proportion of patients
with variation in active B-tryptase allele count, the latter is a
more broadly applicable genetic modifier of systemic blood
tryptase levels across the severe asthma population
(Figure S2D).

We next sought to understand how active tryptase allele
counts affect systemic tryptase levels. The tryptase ELISA mea-
sures all isoforms including a-tryptase (Figures S1A and S2A).
In vitro-derived MCs from subjects with 2 or 4 active alleles
show similar levels of total tryptase in cell lysates (Figures S2E
and S2F). However, as tryptase active allele counts correspond
to tryptase catalytic activity in MC lysates (Figure 2C), we hy-
pothesized that active tryptase can trigger MC degranulation in
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Figure 2. Active Tryptase Allele Count Is Correlated with Systemic Tryptase Levels

(A) Schematic diagram of tryptase gene loci.

(B) Percentage of healthy controls and asthma patients with 1, 2, 3, or 4 active tryptase allele count.

(C) The level of tryptase activity per primary MC from foreskins of human donors (n = 101) was assessed ex vivo with respect to active tryptase allele count.
(D) Serum tryptase levels in healthy subjects with different active tryptase allele count.

(E and F) Serum (E) and plasma (F) and tryptase levels from severe uncontrolled asthma subjects with different active tryptase allele count. p value, correlation

estimate (B), and r? from linear regression are annotated on plots.

(G) Histamine concentrations in culture supernatants in LAD2 cells degranulated inactive B-tryptase (S195A), wild-type (WT) B-tryptase, or B-tryptase + anti-tryptase.
(H) Histamine, prostaglandin D2 (PGD2), and percentage of total 3-hexosaminidase release in culture supernatant of LAD2 cells treated with saline or IgE/anti-IgE
immune complex with or without indicated tryptase small molecule inhibitor (SMI) or two different clones of inhibitory anti-tryptase IgG antibodies (31A.v11 or

E104). Data are represented as mean + SD (n = 3).

Box plots display 25th percentile, median, and 75th percentile. Whiskers extend to the upper and lower ranges that are within 1.5-fold of the interquartile range of

the 75th and 25th quartiles. Each dot represents an individual patient.

an autocrine manner, leading to augmented extracellular tryp-
tase release. Tryptase-dependent degranulation determined by
histamine release (He et al., 2004) is blocked by a selective inhib-
itory anti-tryptase antibody (see below) and is also dependent on
its enzymatic activity, since a catalytically inactive tryptase
mutant (S195A; chymotrypsinogen numbering used throughout)
has no effect (Figures 2G and S2G). Recombinant B-tryptase and
IgE crosslinking each has an additive effect in augmenting MC
degranulation (Figures S2H-S2J). Tryptase inhibition with an
active site SMI (Sutton et al., 2002) or 2 different inhibitory anti-
tryptase antibodies reduced IgE-induced MC degranulation by
~50% (Figure 2H). Overall, these data suggest that active tryp-
tase allele count regulates serum tryptase levels and the amount
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of active tryptase stored in secretory granules, which may
contribute in an autocrine manner in vivo to the magnitude of
MC degranulation.

Active B-Tryptase Allele Count Is Inversely Related to
Clinical Benefit from Omalizumab Treatment

Omalizumab is an IgG antibody against IgE that blocks IgE bind-
ing to FceRl, reducing free IgE, surface FceRI levels, and
allergen-dependent MC degranulation. In clinical studies, omali-
zumab significantly reduces asthma exacerbations, improves
asthma symptoms and quality of life, and reduces daily rescue
medication use (Hanania et al., 2011). In addition, omalizumab
confers modest population-wide improvement in lung function
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Figure 3. Treatment Benefit from Anti-IgE Therapy in Asthma Pa-
tients Based on Active Tryptase Copy Number

(A) Changes in FEV, percent predicted.

(B) Changes in daily number of puffs of albuterol.

(C) Changes in total asthma symptom severity scores (TASSs).

(D) Changes in Standardized Asthma Quality of Life Questionnaire (AQLQ[S]).
Changes from baseline were assessed in patients from the EXTRA study on the
basis of active tryptase copy number (1 or 2 left, 3 or 4 right). Least-squares
means (+SE) are plotted, and the mean post-treatment placebo controlled
treatment effects estimated by linear contrast are annotated in the plot margins.

in unselected asthma patients as measured by forced expiratory
volume in 1's (FEV4) (Paganin et al., 2017). To assess the relative
contribution of FceRI-dependent versus independent contribu-
tions of MCs to the clinical efficacy of omalizumab, we per-
formed a post hoc analysis of a randomized placebo-controlled
omalizumab phase llIb study (NCT00314574) to assess whether
active tryptase allele count may influence the magnitude of clin-
ical benefit. As cases or controls having 1 or 4 active tryptase

alleles are relatively rare and the proportion of subjects having
2 or 3 active alleles are comparable, we dichotomized our study
population as having 1 or 2 versus 3 or 4 active alleles. The base-
line characteristics of these subgroups were comparable, with
no statistically significant differences in demographic, clinical,
or biomarker levels including serum IgE (Table S1). The subgroup
having 1 or 2 active tryptase alleles exhibited statistically signif-
icant placebo-adjusted improvements for (1) mean change in
FEV1% predicted (Figure 3A, left; 5.4(1,9.9)%, p = 0.013), (2)
mean reduction in short acting B-agonist use (Figure 3B, left;
—0.8(—1.5,0) puffs, p = 0.049), (3) mean reduction in total asthma
symptom score (TASS) (Figure 3C, left; —0.7(—1.3,-0.1), p =
0.021), and (4) mean improvement in the Standardized Asthma
Quality of Life Questionnaire (Figure 3D, left, 0.5(0.1,1), p =
0.022). These data suggest that higher active tryptase allele
count may contribute to MC-dependent but IgE-independent
clinical manifestations in asthma patients.

Generation of a Humanized Anti-tryptase Antibody with
Potent Inhibitory Activity

We hypothesized that an inhibitory antibody against human
B-tryptase could provide therapeutic benefit. Therefore, we
immunized mice, rats, and rabbits with recombinant human
monomeric and tetrameric Bl-tryptase, panned with a human
antibody phage library, and selected antibodies that bound tet-
ramers and had >90% inhibition of Bl-tryptase activity in a chro-
mogenic peptide substrate assay. Only 9 clones with unique
complementarity-determining region sequences from immuni-
zations and 1 from phage were fully inhibitory (Table S2). From
these, we selected 31A as the top clone for further humanization
and characterization based on (1) its ability to inhibit human l-,
Bll-, Blll-tryptase; (2) cross-reactivity against cynomolgus mon-
key tryptase to enable preclinical pharmacokinetic (PK) and
safety studies; and (3) inhibition of B-tryptase in both fragment
antigen-binding (Fab) and IgG formats. 15 humanized variants
of 31A were generated on a human IgG4 backbone, and
31A.v11 was identified as the most potent antibody, having im-
provements of ~10-fold in binding affinity (Kp) and over 30-fold
in inhibitory activity (ICso) over the parental 31A clone (Table
S3). Here, unless otherwise specified, we refer to the humanized
31A.v11 1gG4 clone as “anti-tryptase.”

Anti-tryptase Inhibits Tryptase Catalytic Activity in
Biochemical and Cellular Assays

Anti-tryptase binds to human a-, Bl-, Bll-, Blll-tryptase isoforms
with comparable sub-nanomolar affinities (Figure 4A). Anti-tryp-
tase also potently and completely inhibits the catalytic activity of
Bl-, Bll-, and Blll-tryptases with comparable IC5 values of 4.0,
1.8, and 3.5 nM (Figure 4B); further kinetic analysis shows that
anti-tryptase is a noncompetitive inhibitor (Figure S3A). Using
Bl-tryptase, we observed that monovalent Fab was also a com-
plete inhibitor (ICso = 3.9 nM for Fab and 1.4 nM for IgG) (Fig-
ure 4C). To see whether inhibition was simply due to a shift in
pH optimum or a change in substrate specificity, we determined
Bl-tryptase activity at physiological heparin levels (~1 pg/mL)
and found that anti-tryptase was also a potent and complete in-
hibitor at pH 7.0 and 8.0 (Figure S3B). However, there was a
small amount of residual activity at pH 6.0 from monomers that
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Figure 4. Identification of a High-Affinity Inhibitory Anti-tryptase IgG4 Antibody

(A) Binding kinetics of anti-tryptase to human tryptases.

(B and C) Tryptase activity using peptide substrate S-2288 for fI-, Bll-, plll-tryptases with anti-tryptase (B) and for Bl-tryptase with anti-tryptase Fab or IgG4
antibody (C).

(legend continued on next page)
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was inhibited by aprotinin (Figure S3B), in accord with previous
data (Fajardo and Pejler, 2003; Fukuoka and Schwartz, 2004; Fu-
kuoka and Schwartz, 2007). However, monomers are ~50-fold
less active than tetramers at neutral pH and strongly dependent
upon heparin (Maun et al., 2018) and rapidly inactivated by pro-
tease inhibitors (Fukuoka and Schwartz, 2004), thus thought not
to be physiologically relevant. We saw no change in substrate
specificity in the presence of anti-tryptase upon variation in P1,
P2, and P3 residues of peptide substrates (Table S4) or when us-
ing either a fluorescence-quenched peptide or Bodipy dye-
labeled casein as substrates (data not shown).

Anti-tryptase also inhibits endogenous tryptase activity
derived from supernatants of degranulated human MCs (Fig-
ure 4D). Vasoactive intestinal peptide (VIP) and fibrinogen have
been reported as endogenous tryptase substrates (Schwartz
et al., 1985; Tam and Caughey, 1990); degradation of VIP by
Bl-tryptase (recombinant and MC derived) is inhibited by anti-
tryptase (Figures 4E and 4F). Fibrinogen degradation (Ren
et al., 1997) is also inhibited by anti-tryptase at pH 6.0 and 7.5
(Figure 4G).

Tryptase induces proliferation and contraction of bronchial
SMC and collagen secretion by human lung fibroblasts (Berger
et al., 2001; Cairns and Walls, 1997; Woodman et al., 2008). Pro-
liferation and contraction of SMC are dependent on catalytic
activity since the S195A tryptase mutant shows no cellular ef-
fects (Figures S3C and S3E). Importantly, anti-tryptase inhibits
all of these tryptase-dependent cellular responses (Figures 4H-
4J and S3D). Taken together, our data show that anti-tryptase
potently inhibits MC degranulation and human B-tryptase cata-
lytic activity.

A Crystal Structure Reveals an Allosteric Mode of
Binding and a Tetramer Dissociation Mechanism
We hypothesized that anti-tryptase binding to active B-tryptase
tetramer might result in dissociation to catalytically inactive
monomers (Alter et al., 1987; Fukuoka and Schwartz, 2006;
Schwartz and Bradford, 1986; Schwartz et al., 1990). Size exclu-
sion chromatography (SEC) and SDS-PAGE analysis of tetra-
meric Bl-tryptase with excess Fab indeed showed a ~80 kDa
complex comprising B-tryptase monomer and Fab (peak 3),
smaller than the ~120 kDa Bl-tryptase tetramer (peak 1) (Figures
5A and 5B). In the presence of heparin, a slightly larger complex
(peak 2) was observed for the Bl-tryptase monomer-Fab com-
plex (Figures 5A and 5B). Thus, even in the presence of heparin,
which stabilizes the tetramer (Alter et al., 1987; Schwartz and
Bradford, 1986), anti-tryptase Fab dissociates Bl-tryptase into
monomers.

To identify potential residues of the antibody-binding epitope,
we measured hydrogen-deuterium exchange (HDX) for mono-

meric Bl-tryptase bound to anti-tryptase Fab over time by
mass spectrometry. A local cluster of surface residues (D60e,
L61, Q66, L67, L83-188, and L108-E110, shown in green) had
amide bonds in slower exchange upon Fab binding, suggestive
of a binding epitope, whereas other residues (S25-W29, H40,
F41, H57-V59, and V231-Y233, shown in slate) were more
distant from each other (Figure 5C). We sought a structure of
the Bl-tryptase+-Fab complex but were unable to generate crys-
tals. Since the HDX residue cluster is distal from the active site
and anti-tryptase is a noncompetitive inhibitor, we thought an
active site binder might act as a crystallization chaperone.
Indeed, we could generate a stable ternary complex with soy-
bean trypsin inhibitor (STI), as shown by SEC (peak 1) and
SDS-PAGE (Figures S4A and S4B), which crystallized and led
to a 2.15 A resolution crystal structure (Figure 5D; Table S5).
BI-Tryptase residues V60c-A63, R65, P84-R87, and E109-
P111 are in intimate contact (within 4 A) with the Fab, consistent
with the binding epitope suggested by HDX. The Bl-trypta-
se-Fab contact area excludes 760 A? from solvent (each
side), with equal contributions from the Fab light chain (LC)
(V30-Y32, Y34, R50, Y90, H92-Y94) and heavy chain (HC)
(F50, S52-T56, Y58, R95, Y97, D98) (Figures S4C and S4D).
Importantly, STl does not contact the Fab, justifying it as a
chaperone; it only contacts Bl-tryptase, excluding 1260 Az
from solvent.

When Bl-tryptase monomers of the ternary complex were su-
perposed onto tryptase protomers A and C in the wild-type (WT)
tetramer (Pereira et al., 1998; Sommerhoff et al., 1999), the posi-
tion of the corresponding Fabs are on the same side of and
nearly perpendicular to the tetramer plane (Figure 5E). Most
importantly, the Fab LCs would have substantial steric clashes
with each other, thus preventing antibody binding to all 4 proto-
mers while in the tetrameric state. Only tetramer dissociation
would allow all the protomers to bind excess anti-tryptase Fab
or IgG.

The Bl-tryptase monomer+Fab complex structure revealed a
significant conformational change of V60c when compared to
its position in the tetramer. This would result in a steric clash
with Y173d from the neighboring protomer in the large inter-
face, which sits in a hydrophobic pocket created by residues
V59, V60c, 188, and V90 (Figure 5F) in the tetramer (Maun
et al., 2018; Pereira et al., 1998). We also observed Ca. changes
between 1 and 2 A at H36, G37, P37a, and Y37b in the 30’s
loop compared to the tetramer (Figure 5G), where Y37b is a
key contact residue within 3.5 A of its neighboring protomer
in the small interface. In addition, HDX experiments indicated
Fab-induced structural changes at 2 nearby residues, H40
and F41, located on the descending B strand. To confirm that
the observed structural changes in tryptase upon Fab binding

(D) Tryptase activity using ES002 peptide substrate with degranulated foreskin MC releasate with anti-tryptase Fab or IgG4.
(E and F) VIP peptide degradation by Bl-tryptase (E) or degranulated MC supernatant (F) with saline control, anti-tryptase, or a tryptase small molecule inhibi-

tor (SMI).

(G) Fibrinogen o chain degradation by Bl-tryptase with or without anti-tryptase at pH 7.5 or pH 6.0.

(H) Primary human SMC proliferation stimulated by Bl-tryptase with or without anti-tryptase.

(I) Primary human SMC contraction induced by Bl-tryptase with or without anti-tryptase.

(J) Collagen secretion by primary human lung fibroblasts induced by recombinant l-tryptase treated with anti-tryptase or medium. Data are shown as mean + SE;
Student’s t test was used to compare between two groups. *p < 0.05, **p < 0.01, **p < 0.001.
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Figure 5. Crystal Structure Reveals an Allosteric Mode of Anti-tryptase Binding and a Tetramer Dissociation Mechanism

(A) SEC of anti-tryptase Fab (31A.v11) in complex with Bl-tryptase with or without heparin. Tetrameric Bl-tryptase alone (peak 1, black) and Fab (peak 4, blue and
red) eluted at 13.0 mL and 15.5 mL, respectively. A complex of tetrameric Bl-tryptase incubated with excess Fab in the presence (peak 2, red) or absence (peak 3,
blue) of 0.1 mg/mL heparin eluted at 13.8 mL and 14.05 mL, respectively.

(B) Non-reducing SDS-PAGE of peak fractions.

(C) Depictions in surface (left) and cartoon (right) of slower H-D exchange areas in green (large surface cluster) and slate when Fab is bound to Bl-tryptase;

catalytic triad residues are in red.
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lead to destabilization of both tetramer interfaces, we used BI-
tryptase tetramer mutants comprising dimers that were disul-
fide-locked at the small or the large interface (Maun et al.,
2018). Based on SEC and SDS-PAGE data, anti-tryptase Fab
efficiently dissociated both types of tetramers into dimers,
thus capable of destabilizing both the small and large interfaces
(Figures 5H and 5I). Due to a 2-fold axis in the tetramer, each
interaction exists twice, thus enhancing destabilization. Taken
together, the biochemical and structural data show that anti-
tryptase binds and inhibits B-tryptase by a unique allosteric
mechanism, distinct from active site SMls, which do not disso-
ciate the active B-tryptase tetramer.

Anti-tryptase Inhibits Tryptase Activity In Vivo and
Attenuates MC-Induced Anaphylaxis Responses

We next sought to determine whether anti-tryptase could inhibit
tryptase biological activity in vivo. Since the antibody binds
human and cynomolgus monkey, but not rodent tryptases,
we utiized a NOD.scid IL2rg™"SCF/GM-CSF/IL-3 (NSG-
SGMS3) mouse model with human MC engraftment as previ-
ously reported (Bryce et al., 2016). 8 weeks after human stem
cell transplantation, we validated human MC engraftment in
spleen and lung (Figure 6A). Engrafted MCs expressed surface
hFceRlI, hKIT (CD117), and intracellular tryptase (Figures 6A and
6B), and we detected human tryptase in the engrafted mouse
serum (Figure 6C). Tryptase induces microvascular leakage
during the anaphylaxis reaction (He and Walls, 1997). To induce
MC degranulation and tryptase release, we injected animals
with an anti-nitrophenyl hapten (NP) human IgE and subse-
quently crosslinked IgE with NP-BSA conjugates in vivo, which
induced a 7-fold increase in serum and active lung tryptase
(Figure 6C). Anti-tryptase treatment significantly reduced the
IgE-induced systemic anaphylaxis response (Figure 6D). To
quantify the amount of active tetrameric tryptase in tissues
and whether our antibody inhibits tryptase in lungs, we gener-
ated a biotinylated activity-based probe (ABP) (Pan et al., 2006)
that covalently binds at the active site and used a non-inter-
fering anti-tryptase antibody for active tryptase capture and
detection (Figures S5A-S5D). Upon NP-IgE crosslinking, signif-
icantly elevated active tryptase levels were detected in BAL
fluid, which is completely blocked by anti-tryptase (Figure 6E),
and we observed significantly reduced tryptase catalytic activ-
ity in the BAL fluid (Figure 6F). Taken together, our antibody
potently inhibits active tryptase in vivo and attenuates IgE-
induced systemic anaphylaxis responses.

Anti-tryptase Exhibits Favorable Pharmacokinetics and
Reduces Tryptase Activity in BAL Fluid in Nonhuman
Primates

To investigate the PK properties and partitioning to lung tissue of
anti-tryptase antibody, we dosed NOD.scid mice and cynomol-
gus monkeys with anti-tryptase IgG4 and observed low systemic
clearance, similar to an anti-gD control antibody (Figures 7A and
7B). The half-life of anti-tryptase in cynomolgus monkeys was
~15 days (Figure 7B).

We also assessed anti-tryptase exposure in BAL fluid as a
proxy for lung tissue. Antibody levels in BAL fluid were ~20%
of blood levels (Figure 7C). Slightly higher levels of antibody in
BAL were observed for anti-tryptase compared with anti-gD iso-
type control, which could be driven by a target-mediated reten-
tion effect. BAL active tryptase levels in cynomolgus monkey
were measured using an ABP immunoassay (Figure S5). 2 out
of 3 cynomolgus monkeys had detectable baseline activity in
BAL fluid. After anti-tryptase treatment, BAL tryptase activity
was largely undetectable for over 2 weeks (Figure 7D). We as-
sessed a cohort of cynomolgus monkeys that were sensitized
to Ascaris suum and had elevated active tryptase levels in BAL
fluid after inhaled A. suum challenge. After sensitization was
complete, these animals underwent a vehicle phase and drug
phase, receiving an inhaled A. suum challenge prior to BAL fluid
collection during each phase (Figure 7E). Treatment with anti-
tryptase antibody significantly reduced BAL active tryptase
levels and urine histamine metabolites (Figures 7F and S6), lead-
ing to undetectable BAL tryptase activity in 4 of 5 animals with
detectable BAL tryptase activity in the vehicle phase. In animals
with highest levels of BAL tryptase activity in vehicle phase, BAL
active tryptase levels were reduced by greater than 90% after
treatment with anti-tryptase in the drug phase. In summary,
these data show that systemically administered anti-tryptase
sustainably inhibits tryptase activity in lungs of mice and
nonhuman primates.

DISCUSSION

Asthma is a chronic obstructive respiratory disorder with
episodic reversible airflow obstruction and variable inflammation
(Cohn et al., 2004; Fahy, 2015). Although the underlying mecha-
nisms are unclear, type 2 inflammation-independent asthma
represents a significant unmet medical need (Fahy, 2015).
Here, we show that MC tryptase levels in serum and BAL fluid
correlate with asthma severity and that tryptase is elevated in

(D) Crystal structure of Bl-tryptase monomer (white) bound to anti-tryptase Fab (31A.v11) and soybean trypsin inhibitor (ST, in slate) determined at 2.15 A
resolution; HC and LC are in green and blue, respectively. Catalytic triad residues are in red.

(E) The BI-tryptase monomer in complex with anti-tryptase was superposed with protomers A and C (beige) of the B-tryptase tetramer (1AOL); protomers B and D
in the tetramer are white and orange. Residue clashes between the LCs (blue and purple) of the Fab are labeled and shown as spheres; identical residues in each
LC clash with each other.

(F and G) Conformational changes in the 60’s (F) and 30’s (G) loops of BI-tryptase upon Fab binding that affect the large (protomers B and C in white and beige) or
small (protomers B and A in white and magenta) interface, respectively. Left: Bl-tryptase (cyan) from the Fab complex was superposed with protomer B (white)
from the tetramer (1AOL). Right: close-up interface views in the circle. Key interface residues and catalytic triad residue H57 are shown in sticks (F).

(H and I) SEC of anti-tryptase Fab in complex with WT and 2 different disulfide-locked variants (Y75C and 199C) of tetrameric Bl-tryptase. Tetrameric Bl-tryptase
alone (peak 3, black) and Fab (peak 5, red, blue, and green) had elution volumes (V¢) of 13.0 mL and 15.5 mL, respectively. Complexes of tetrameric pl-tryptase
incubated with excess Fab for WT (peak 4, red), Y75C (peak 1, green), and 199C (peak 2, blue) eluted at 14.0 mL (monomer/Fab), 11.3 mL (dimer/2 Fabs), and
11.9 mL (dimer/2 Fabs), respectively. Non-reducing SDS-PAGE of peak fractions for Y75C Bl-tryptase and Fab (I, left) and 199C BI-tryptase and Fab (I, right) are
shown. Dimer refers to Bl-tryptases Y75C (1, left) and 199C (1, right). M, markers; L, load; P1, peak 1; P2, peak 2; P5, peak 5.
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Figure 6. Anti-tryptase Antibody Inhibits Tryptase Activity In Vivo and Attenuates MC-Induced Anaphylaxis Response

(A and B) FACS (fluorescence-activated cell sorting) analysis of human MCs (defined as KIT*FceRI*) cells in spleen and lung of control NOD.scid. SGM3 mice or
NOD.scid.SGM3 mice reconstituted with human CD34" stem cells (A). Intracellular tryptase staining in MCs from spleen and lung (B).

(C and D) NOD.scid.SGM3 animals reconstituted with human CD34* stem cells were injected with anti-NP IgE and NP-BSA conjugates (n = 4 mice). (C) Total
tryptase concentration after anti-NP IgE and NP-BSA conjugates crosslinking (mean + SE). (D) Anti-tryptase or anti-gD (isotype control) injected 24 h before the
anti-IgE administration. Body-temperature measurement after NP-BSA conjugate injection.

(E) Active tryptase concentration in BAL in humanized mice at baseline or 10 min after anti-NP IgE/NP-BSA crosslinking (n = 4). Lower limit of quantification

(LLOQ) is 0.078 ng/mL.

(F) Tryptase enzymatic activity measured by S-2288 substrate in the presence of a1-antitrypsin and STl in BAL fluid 10 min after NP-BSA conjugate injection. Data

are represented as mean + SE. *p < 0.05, ***p < 0.001.

airways of severe asthma patients independent of type 2
biomarker levels. Genetic variation at the tryptase locus results
in different numbers of active tryptase alleles. Active tryptase
allele count is correlated with tryptase levels, and moderate-se-
vere asthma patients carrying greater numbers of active tryptase
alleles exhibited attenuated clinical benefit from anti-IgE therapy.
These observations suggest that neutralization of tryptase activ-
ity is a promising therapeutic strategy for type 2-independent
asthma, which is resistant to currently available asthma
therapies.

Accumulating data indicate that MCs are critical mediators of
airway obstruction and hyperreactivity (Berry et al., 2007; Bright-
ling et al., 2002; Kaur et al., 2010; Siddiqui et al., 2018). As a ma-
jor MC granule protein (~25% of cell protein) (Schwartz et al.,
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1981), tryptase levels are elevated in BAL fluid and correlated
with type 2 biomarkers in mild asthma patients, consistent with
observations that intraepithelial MC numbers are greater in
type 2-high mild asthma (Dougherty et al., 2010). However, we
observe that tryptase is further elevated in BAL fluid in moder-
ate-severe asthma patients independent of type 2 biomarker
levels. The difference between mild and moderate-severe
asthma patients may result from different MC recruitment mech-
anisms in various disease stages and/or the effects of inhaled
glucocorticoid therapy in moderate-severe asthma. In mild
asthma patients, type 2 cytokines such as IL-33, TSLP, IL-4,
IL-5, and IL-13 may contribute to MC recruitment to the bron-
chial epithelium (Bradding and Brightling, 2007). However, se-
vere asthma patients often have more extensive tissue
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(A) Antibody concentration in NOD.scid mice dosed
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tryptase or anti-gD human IgG4.
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remodeling with smooth muscle layer expansion and tissue
fibrosis, which may provide a niche for MCs. Airway SMC and fi-
broblasts can produce chemotactic factors for MC recruitment,
which may be independent of type 2 inflammation (EI-Shazly
et al., 2006; Page et al., 2001; Sutcliffe et al., 2006). Tryptase is
a major MC product with pleiotropic biological activities in pro-
moting SMC proliferation, fibroblast collagen secretion, and tis-
sue extracellular matrix protein degradation, all of which may
contribute to chronic tissue remodeling (Page et al., 2001).
Further mechanistic research is needed to fully understand the
interplay between airway SMC, MCs and type 2-independent
MC recruitment mechanisms. Ongoing clinical studies of anti-
tryptase in asthma may reveal further roles of tryptase in asthma
symptoms and tissue remodeling.

Soluble human catalytically active tryptases are encoded by 2
closely spaced genes, TPSAB1 and TPSB2. TPSAB1 comprises
2 principal alleles that encode a- and Bl-tryptases, whereas
TPSB2 alleles principally encode BlI- and Blll-tryptases. High
sequence similarity of tryptase isoforms and haplotype structure
at the tryptase loci preclude simple SNP-based genotyping or
the use of antibodies to distinguish tryptase isoform composition
in individual subjects. Recently, genetic linkage association and
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sensitized cynomolgus monkeys after inhaled
challenge with A. suum. Each animal underwent a
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(F) Tryptase activity quantified using an activity-
based probe assay in BAL fluid of A. suum-sensi-
tized cynomolgus monkeys after inhaled A. suum
challenge. “ND” denotes samples below the lower
limit of detection. p < 0.05, paired Student’s t test.
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WGS data revealed a small percentage of
patients with a-tryptase copy number vari-
ation; duplication or triplication of a-tryp-
tase leads to hereditary «-tryptasemia
with increased total tryptase in serum and
multisystem disorders (Lyons et al,
2016). These patients have increased fre-
quency of gastresophageal reflux symp-
toms, vibration-induced urticaria, and
flushing/pruritus. While a-tryptase is cata-
lytically inactive, a very recent study has
shown that o/B-tryptase heterotetramers
are active, having altered substrate specificities from B-tryptase
homotetramers, and capable of cleaving EMR2 and inducing vi-
bration-triggered MC degranulation and urticaria (Le et al.,
2019). Our antibody should inhibit o/B-tryptase heterotetramers
as it binds «- and B-isoforms with comparable subnanomlar af-
finities (Figure 4A), thus it may also have relevance in hereditary
a-tryptasemia-related disorders. The likelihood that additional
substrate preference differences between B-tryptase homote-
tramers and o/B-tryptase heterotetramers or heterotetramers
with different o/B-tryptase ratios may exist suggests additional
levels of regulation of tryptase biological activity in various phys-
iological situations.

Asthma patients with increased active tryptase allele counts
have higher levels of blood tryptase. Active tryptase alleles
determine the amount of tryptase activity in MC lysates but do
not affect tryptase mRNA transcript nor total tryptase granule
protein. Tryptase catalytic activity is critical for triggering MC
degranulation in a feedforward manner; tryptase release may
be “piecemeal” in the absence of a strong degranulation stim-
ulus (Dvorak et al., 1992; Gaudenzio et al., 2016), which may
explain the relationship between active tryptase allele count,
tryptase release from MCs, and systemic tryptase levels.

3
Animal

4
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Consistent with this scenario, patients with higher active tryptase
allele count had attenuated anti-IgE treatment responses, sug-
gesting that for those with high B-tryptase, blockade of IgE-FceRl
interactions are insufficient to stabilize MCs. While tryptase ge-
netics contribute to clinical responses to omalizumab, B-tryptase
allele distributions do not differ between controls and asthma pa-
tients. Therefore, tryptase is more likely a modifier of asthma
phenotypes than a risk factor for incident asthma. This situation
is analogous to how asthma patients with elevated blood eosin-
ophil counts respond better to anti-IL5 treatment than those with
lower blood eosinophil counts despite having similar disease
severity at baseline: eosinophils modify the asthma phenotype
in a subset of patients, and those patients are more likely to
benefit from eosinophil-targeting therapies (Fahy, 2015). Our
study is a post hoc analysis from a single phase lll trial that
was not designed to test how genetics affect disease manifesta-
tions. With an increased understanding of tryptase genetics
(Lyons et al., 2016; Trivedi et al., 2009), future studies with larger
cohorts across diverse genetic backgrounds are needed to
assess how active tryptase allele counts, o/f tryptase ratio,
and a-tryptase copy number variation may contribute to asthma
pathogenesis; it will also be of interest to assess tryptase ge-
netics in the context of clinical responses to other asthma thera-
pies beyond omalizumab.

To generate a tryptase inhibitor with drug-like potency, selec-
tivity, and PK, we conducted an extensive antibody campaign,
identified 10 inhibitory anti-tryptase antibodies, and humanized
one for further characterization. This antibody potently inhibits
tetrameric B-tryptase in biochemical and cell-based assays by
dissociating the active B-tryptase tetramer into inactive mono-
mers. Similar tetramer dissociation phenomena have been
described for a previously described nonhuman anti-tryptase
antibody and lactoferrin (Fukuoka and Schwartz, 2006; Hallgren
et al., 2001). Heparin stabilizes the active tryptase tetramer; after
secretion, the lower extracellular heparin concentrations result in
the subsequent dissociation into inactive monomers as a natural
mechanism of inactivation (Hallgren et al., 2001; Schwartz et al.,
1990). Therefore, while it is possible that anti-tryptase simply
promotes tetramer dissociation by displacing heparin, similar
to the mechanism of lactoferrin (Elrod et al., 1997; Hallgren
et al., 2001), this is not the case, since heparin still binds to the
Bl-tryptase-Fab complex (Figures 5A and 5B). Ultimately, the
crystal structure of the Bl-tryptase-Fab complex and biochem-
ical data revealed that the Fab binds to an unexpected exosite,
allosterically and noncompetitively inhibiting enzymatic activity
by destabilizing the tryptase tetramer interfaces, which leads
to dissociation to inactive monomers.

Serine proteases are well known for their structural plasticity,
which is inherent in their mechanism of activation where so-
called activation domain loops undergo significant conforma-
tional changes from inactive zymogen to active protease (Huber
and Bode, 1978). In addition, cofactors are allosteric activators
of serine proteases and often needed to achieve optimal active
conformations (Gohara and Di Cera, 2011). In tryptase, each pro-
tomer serves as a cofactor for its neighbor (Maun et al., 2018).
Upon anti-tryptase binding to its exosite, allosteric changes
occur in structural elements that are important for both small
and large tetramer interfaces, as assessed with disulfide-locked
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dimers (Figures 5H and 5l). The structure of the complex sup-
ports this notion as we see conformational changes at the small
(30’s loop) and large (60’s loop) interfaces (Figures 5F and 5G).
However, we cannot exclude the possibility that STI binding
has some effect on these regions as well since active site binders
are known to order active sites and neighboring activation
domain loops (Gohara and Di Cera, 2011). The precise molecular
mechanism underlying the allosteric inhibition by anti-tryptase
remains to be elucidated.

In conclusion, we provide genetic and clinical evidence of a
potential role for tryptase as a type 2-independent pathogenic
mechanism in asthma. /n vitro and in vivo characterization of
anti-tryptase described here highlights the potency, specificity,
and allosteric mechanism of inhibition, which accelerates the
natural mechanism of tryptase inactivation. Furthermore, anti-
tryptase reduces IgE-induced systemic anaphylaxis responses
in a humanized mouse model. Together with its favorable PK
profile and in vivo inhibitory activity in nonhuman primates, we
provide a scientific rationale for testing anti-tryptase clinically
in MC-mediated diseases such as human asthma.
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STARXxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-tryptase 31A.v11 This paper RRID: AB_2811305
Anti-tryptase B2 This paper N/A
Anti-tryptase E3 This paper N/A
Anti-tryptase E82 This paper N/A
Anti-tryptase E82.AS This paper N/A
Anti-tryptase E86 This paper N/A
Anti-tryptase E88 This paper N/A
Anti-tryptase E88.AS This paper N/A
Anti-tryptase E104 This paper N/A
Anti-tryptase F7 This paper N/A
Anti-tryptase G10 This paper N/A
Anti-tryptase H1 This paper N/A
Anti-tryptase 13G6 This paper N/A

Anti-gD (isotype control) This paper N/A

Human anti-NP IgE (clone JW8.5.13) Serotec; purified at Genentech Lot# 45672-36
Goat anti human IgE EMD Millipore Cat# 411520
Anti-human-c-KIT microbeads Miltenyi Biotec Cat# 130-091-332
Anti-tryptase (cyno) 13G6 This paper N/A
Anti-tryptase (AA1) EMD Millipore Cat# 444905
Goat anti-rabbit IgG (H+L) HRP Thermo Fisher Scientific Cati# 31460
Goat anti-mouse IgG (H+L) HRP Thermo Fisher Scientific Cat# 31430

Bacterial and Virus Strains

Trichoplusia ni insect cells Expression Systems Cat# 94-002F

Biological Samples

Bronchial alveolar lavage (BAL) UCSF MAST: multiple research studies N/A
of asthmatics across a range of severity and
standard of care treatment
BOBCAT observational study: bronchoscopic
exploratory research study of biomarkers in
corticosteroid-refractory severe asthma

Plasma UCSF MAST: multiple research studies of N/A
asthmatics across a range of severity and
standard of care treatment
BOBCAT observational study: bronchoscopic
exploratory research study of biomarkers in
corticosteroid-refractory severe asthma

Peripheral Blood Genentech N/A

Human foreskins from various individuals Residents and clinics in Berlin, Germany N/A
(anonymous donors)

Chemicals, Peptides, and Recombinant Proteins

Ni-NTA Superflow QIAGEN Cat# 30410
NeutrAvidin Thermo Fisher Scientific Cat# 31000
BioFX TMB substrate VWR Cati# 102867-000
BioFX TMB stop VWR Cat# 100359-300
Human o tryptase This paper N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Human Bl-tryptase This paper N/A

Human Bll-tryptase This paper N/A

Human Blll-tryptase This paper N/A

Human Bl-tryptase S195A mutant (chymotrypsinogen This paper N/A

numbering)

Cynomolgus monkey active tryptase tetramer This paper N/A
Streptavidin-HRP GE Healthcare Cat# RPN4401V
Tetramethyl benzidine (TMB) MOSS Cat# TMBE-1000
Heparin sodium salt from porcine intestinal mucosa Sigma-Aldrich Cat# H3393
ES002 Substrate R&D Systems Cat# ES002
Chromogenix S-2288 Diapharma Cat# S820852
Chromogenix S-2222 Diapharma Cat# S820316
Chromogenix S-2266 Diapharma Cat# DPG266-25
Chromogenix S-2366 Diapharma Cat# S821090
Chromogenix S-2302 Diapharma Cat# S820340
Chromogenix S-2765 Diapharma Cat# S821413
MeO-Suc-AAPV-pNA Sigma-Aldrich Cat# M4765
Suc-AAPF-pNA Sigma-Aldrich Cat# S7388
Enzchek Protease Assay Kit BODIPY_FL casein Thermo Fisher Scientific Cat# E6638
Soybean trypsin inhibitor (STI) Sigma-Aldrich Cat# 10109886001
Aprotinin Sigma-Aldrich Cat# A4529
SeeBlue Plus2 pre-stained protein standard Thermo Fisher Scientific Cat# LC5925
HBS-P Buffer GE Healthcare Cat# BR100671
SmGM-2 Lonza Cat# CC-3182
SmGM-2 supplements Lonza Cat# CC-3181
Fibroblast growth media Lonza Cat# CC-3130
Fibroblast growth media supplement Lonza Cat# CC-3131

Proprietary batch feed supplement
Stem Pro-34 SFM Kit

H3-Thymidine

Human SCF

VIP

Fibrinogen

2-Mercaptoethanol (1000X) Cell Culture
Penicillin-Streptomycin-Glutamine
Novex Tris-Glycine SDS Running Buffer
Novex Tris-Glycine SDS Sample Buffer
2-Mercaptoethanol

SimplyBlue SafeStain

NP-BSA

Recombinant human B-tryptase

a1-antitrypsin

Tryptase substrate (Z-Gly-Pro-Arg-pNA acetate salt)

Guanidine Chloride

TCEP Hydrochloride

Deuterium Oxide

Histidine, Free Base

Bio-PK-DPP (activity-based probe 4)

Genentech, Inc

Thermo Fisher Scientific
PerkinElmer

BioLegend

Tocris

Haematologic Technologies
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Sigma-Aldrich

Thermo Fisher Scientific
BioSearch Technologies
Promega

Sigma-Aldrich

Bachem

Sigma-Aldrich
Sigma-Aldrich

Cambridge Isotope Laboratories
Serva Electrophoresis GmbH
Genentech

N.A.

Cat# 10639-011
Cat# NET27
Cat# 573908
Cat# 1911

Cat# HCI-0150R
Cat# 21985023
Cat# 10378016
Cat# LC2675
Cat# LC2676
Cat# M-6250
Cat# LC6060
Cat# N-5050L-100
Cat# G7061
Cat# A6150
Cat# L-1560
Cat# 50933
Cat# 580567
Cat# DLM-4-100
Cat# 24820

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Tryptase small molecule inhibitor BMS-262084 Genentech N/A

Streptavidin horseradish peroxidase GE Healthcare Cat# RPN4401V
TMB SeraCare Cat# 5120-0047
West Dura Reagent Thermo Fisher Scientific Cat# 34076
Enterokinase NEB Cat# P8070L
Ascaris Suum extract Greer Laboratories Cat# XPB33X1A25
Polyethylenimine (PEI) Sigma-Aldrich Cat# 408727
PNAG EMD Millipore Cat# 487052
Critical Commercial Assays

Human albumin ELISA kit Bethyl Laboratories Cat# E88-129
Human antibody capture kit GE Healthcare Cat# BR100839
Cell Contraction Assay Cell Biolabs Cat# CBA-201
Procollagen Type | C-Peptide EIA Kit Takara Bio Cat# MK101
Histamine ELISA Kit GenWay Biotech Cat# GWB-FCADB6
Histamine ELISA Kit Neogen Life Sciences Cati# 409010
Prostaglandin D, ELISA Kit Cayman Chemical Cat# 512031
Deposited Data

Atomic coordinates for pl- Protein Data Bank PDB: 601F

tryptase-anti-tryptase Fab-STI ternary complex

Experimental Models: Cell Lines

Normal Human Bronchial Smooth Muscle Cells Lonza Cat# CC-2576
LAD2 cells Dr. Arnold Kirshenbaum (NIH) N/A

Normal Human Lung Fibroblasts Lonza Cat# CC-2512
Purified Cord Blood CD34 cells AllCells Cat# CB CR CD34
CHO DKO Macaraeg et al., 2013 N/A

HEK293 DKO Arena et al., 2019 N/A
Experimental Models: Organisms/Strains

BALB/c mice Charles River Laboratories Cat# BALB/c
New Zealand white rabbits Western Oregon Rabbit Cat# NZW
NOD.scid IL.2rg™"SCF/GM-CSF/IL3 The Jackson Laboratory Cat# 013062
(NSG-SGM3)

Cynomolgus Monkey (naive) Charles River Laboratories N/A
Cynomolgus Monkey (Ascaris suum sensitized) Charles River Laboratories N/A

Oligonucleotides

PCR primer for Blll-tryptase Frameshift — Forward IDT N/A
GCA GGT GAG CCT GAG AGT CC

PCR primer for Blll-tryptase Frameshift — Reverse IDT N/A
GGG ACC TTC ACC TGC TTC AG

Sequencing primer for BllI-tryptase Frameshift — IDT N/A
Forward

CAG CCA GTG ACC CAG CAC

PCR /sequencing primer for a-tryptase — Forward IDT N/A
CTG GTG TGC AAG GTG AAT GG

PCR /sequencing primer for a-tryptase— Reverse IDT N/A

GG TCG AGC ACT CAG GAG GA
Recombinant DNA

Human a-tryptase sequence GenBank GenBank# ACZ98910.1.
Human Bl-tryptase sequence Uniprot Uniprot# Q15661
Human BlI-tryptase sequence Uniprot Uniprot# Q6NZY1

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Human Blll-tryptase sequence Uniprot Uniprot# AOA087WUI4
Cynomolgus monkey d-tryptase sequence NCBI NCBI# EU341821.1
Hs_TPSAB1_alpha1.131-P275.pRK-sec-CTF-NTH- This paper DNAID# 768119
Ent (expression vector for recombinant human

a-tryptase)

Hs_TPSAB1.131-P275.pRK-sec-CTF (expression This paper DNAID# 764405
vector for human recombinant human Bl-tryptase)

Hs_TPSAB1.131-P275.S224A.pRK-sec-CTF This paper DNAID# 764408
(expression vector for recombinant human BI-

tryptase S195A mutant)

Hs_TPSB2_beta2.131-P275.pRK-sec-CTF-NTH- This paper DNAID# 768120
Ent (expression vector for recombinant human

Bll-tryptase)

Hs_TPSB2_beta3.131-P275.pRK-sec-CTF-NTH- This paper DNAID# 768121
Ent (expression vector for recombinant human

Blll-tryptase)

Cyno_TPSD1.138-P268.pRK-sec-NTH-Ent-CTF This paper DNAID# 770112
(expression vector for recombinant cynomolgus

monkey d-tryptase)

Hs_TPSAB1.131-P275.BeCTF (expression vector for This paper N/A
His6-tagged zymogen Bl-tryptase for crystallization)

Expression vectors for 31A_lgG4 (parent and This paper N/A

humanized variants 1-15, see Table S8 for specific

binding and inhibitory activities)

pRK.LPG3.HumanKappa Genentech N/A

pRK.higG4 Genentech N/A

Software and Algorithms

GraphPad Prism v.6 and v.7
R software (version 3.4.3) and R packages (hevan,
Ime4, Ismeans, contrast, and multcomp)

ImageJ
Samtools (v 1.8)

bwa (v 0.7.10-r789)

MUSCLE (3.8)

HDsite; ExMS Program

In-house python scripts for HX data processing
KaleidaGraph 4.1.3

SoftMax Pro 6.2.2

CCP4 suite

Phaser crystallographic software, molecular
replacement
REFMACS5

Coot

PHENIX

GraphPad Software

The R Project for Statistical Computing

Schneider et al., 2012
Li et al., 2009

Li, 2013

Edgar, 2004

Kan et al., 2013

Walters et al., 2013

Synergy Software

Molecular Devices
Otwinowski and Minor, 1997;

Winn et al., 2011
McCoy et al., 2007
Murshudov et al., 2011

Emsley et al., 2010

Adams et al., 2010

https://www.graphpad.com/
scientific-software/prism/

https://www.r-project.org/

https://imagej.nih.gov/ij/
https://github.com/samtools/
samtools/tree/1.8

https://sourceforge.net/projects/bio-
bwa/files/

https://www.drive5.com/muscle/
downloads.htm

http://hx2.med.upenn.edu/
download.html

N/A

http://www.synergy.com
https://www.moleculardevices.com
http://www.ccp4.ac.uk/

http://www.ccp4.ac.uk/html/
phaser.html

http://www.ccp4.ac.uk/dist/html/
refmac5.html

https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

https://www.phenix-online.org/
(Continued on next page)
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https://github.com/samtools/samtools/tree/1.8
https://sourceforge.net/projects/bio-bwa/files/
https://sourceforge.net/projects/bio-bwa/files/
https://www.drive5.com/muscle/downloads.htm
https://www.drive5.com/muscle/downloads.htm
http://hx2.med.upenn.edu/download.html
http://hx2.med.upenn.edu/download.html
http://www.synergy.com
https://www.moleculardevices.com
http://www.ccp4.ac.uk/
http://www.ccp4.ac.uk/html/phaser.html
http://www.ccp4.ac.uk/html/phaser.html
http://www.ccp4.ac.uk/dist/html/
http://refmac5.html
https://www2.mrc-lmb.cam.ac.uk/
http://personal/pemsley/coot/
https://www.phenix-online.org/

Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

BUSTER version 2.11.2

Bricogne et al., 2011

https://www.globalphasing.com/
buster/

XSAE Lee and Richards, 1971 N/A
PyMol 1.7.6.2 Schrodinger https://www.pymol.org/2/
Other

384-well Maxisorp plates

ViewPlate 384-F black clear-bottom plates
Optiplate-384, black

Series S Sensor Chip CM5

Falcon 96 well tissue culture plate

Falcon 24 well tissue culture plate

Falcone 6 well tissue culture plate
Unifilter-96 GF/C

Novex 8%Tris-Glycine Gel

Novex 18% Tris-Glycine gel

NuPAGE 4-12% Bis-Tris Protein Gel
NuPAGE MES SDS Running Buffer (20X)

96 Well Cell Harvester

Alpha Imager

Superdex 75 10/300 GL size exclusion column
Superdex 200 10/300 GL size exclusion column
XK16 column

HiTrap column

MabSelect SuRe resin

SpectraMax M5e and M3

Akta Purifier 100 FPLC

Immobilized Pepsin Cartridge, 2.1 x 30 mm

Acquity UPLC BEH C8 VanGuard Pre-Column, 130,&,
1.7 ym, 2.1 X 5 mm

Acquity UPLC BEH C18 1.7 um, 1.0 X 50 mm
Thermo Orbitrap Elite

TSK-GEL, Super SW3000, 4.6 mm x30 cm, 4 um
Dionex Ultimate 3000 system

TopCount NXT Scintillation Counter

Braun Pro Thermoscan 4000

Thermo Fisher Scientific
PerkinElmer
PerkinElmer

GE Healthcare

Corning

Corning

Corning

PerkinElmer

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
PerkinElmer

Protein Simple

GE Healthcare

GE Healthcare

GE Healthcare

GE Healthcare

GE Healthcare
Molecular Devices

GE Healthcare

Applied Biosystems
Waters

Waters

Thermo Fisher Scientific
Tosoh Biosciences
Thermo Fisher Scientific
PerkinElmer

Welch Allyn

Cat# 464718

Cat# 6007470

Cat# 6007270

Cat# 29104988

Cat# 353072

Cat# 353047

Cat# 353046

Cat# 6005174

Cat# XP00080BOX

Cat# EC6505

Cat# NP0321BOX

Cat# NP0002

Cat# D961962

Model# 92-13823-00

Cat# 29148721

Cat# 28990944

Cat# 28988938

Cat# 17115201

Cat# 29-0491-04
https://www.moleculardevices.com
https://www.gelifesciences.com
Cat# 2313100 (discontinued)
Cat# 186003978

Cat# 186002344
N/A

Cat# 18675

N/A

N/A

N/A

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and request for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Tangsheng
Yi (vi.tangsheng@gene.com). Investigators may also request materials from Genentech, Inc. by submitting a request form at https://

www.gene.com/gene/reagents-program/request.do.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

NOD.Cg-Prkdcs 112rg™ "W Tg(CMV-IL3,CSF2,KITLG)1Eav/MloySzJ (NOD.scid IL2rg"" SCF/GM-CSF/IL3 abbreviated as NSG-
SGMS, JAX stock number 013062) were obtained from The Jackson Laboratory. BALB/c mice were obtained from Charles River
Laboratories. Female naive mice, 4-8 weeks old, were used for our studies. Mice were kept in a standard 12 h light-dark cycle under
the specific pathogen free conditions and were allowed free access to sterile food and water. BALB/c mice were healthy and
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immune-normal. NSG-SGM3 mice were deficient in adaptive immunity to allow human immune cell engraftment but otherwise
healthy. All mouse experimentation protocols were approved by the Laboratory Animal Resources Committee at Genentech, Inc.
and adhered to the NIH Guidelines for the Care and Use of Laboratory Animals.

Rabbits

New Zealand white rabbits were obtained from Western Oregon Rabbit Co. and immunization of naive white rabbits were performed
at Epitomics (now an Abcam company) as a fee-for-service. All rabbit experimentation procedures were performed in accordance
with animal care and use protocols approved by an Institutional Animal Care and Use Committee (IACUC) at Epitomics.

Cynomolgus monkeys

Cynomolgus monkeys were obtained from Charles River Laboratories. Healthy male cynomolgus monkeys, 3 to 8 years of age, were
used for this study and the study protocol was approved by Institutional Animal Care and Use Committee at Charles River
Laboratories.

Cell line and primary human cells

LAD2 cells were kindly provided by Dr. Arnold Kirshenbaum from National Institute of Health. LAD2 cells were cultured in a humidified
incubator at 37°C with 5% CO, in StemPro-34 serum free growth medium containing Stem Pro-34 nutrient supplement (Thermo
Fisher Scientific), 1X Penicillin-Streptomycin-Glutamine (Thermo Fisher Scientific) and 100 ng/mL recombinant human SCF
(BioLegend). Authentication of LAD2 was validated by human SCF dependent growth and functional release of mast cell mediators
(e.g., histamine, PDG2) upon IgE crosslinking.

Normal human bronchial smooth muscle cells and lung fibroblast were obtained from Lonza. Normal Human Lung Fibroblast Cells
(Lonza) were cultured in a humidified incubator at 37°C with 5% CO, in complete fibroblast growth media, FGM, (Lonza). Assay me-
diais basal FGM culture media (Lonza) without human serum or supplements added. Human Bronchial Smooth Muscle Cells (Lonza)
were cultured in a humidified incubator at 37°C with 5% CO, in complete culture media SmMGM-2 (Lonza). Assay media is SmGm-2
culture media without supplements added (Lonza). Primary human cells were directly ordered from Lonza without additional freeze/
thaw and used for experiments under 10 passages.

Enriched CD34" human cord blood stem cells were obtained from AllCells with more than 80% purity validated by flow cytometry
analysis. CHO DKO cell line (Macaraeg et al., 2013) was a derivative of the CHO-K1 cell line (ATCC number CCL-61) was grown and
transfected in a Ham’s F12/DMEM media (Macaraeg et al., 2013). HEK293 DKO cell line (Arena et al., 2019) was a derivative of
HEK293 (ATCC number CRL-1573) and was cultured in Opti-MEM | reduced-serum medium (ThermoFisher) (Arena et al., 2019).

Human subjects and clinical cohorts

Donor foreskins, which otherwise would be disposed of, were provided by pediatricians. Specimens from 245 male subjects
(maximum age of 18 years) were included and informed consent of the patients or their legal guardians was obtained. The specimens
were provided to the study investigators in a completely anonymous manner. The study was approved by the Ethics Committee of the
Charité Universitdtsmedizin Berlin and the experiments were conducted according to the Declaration of Helsinki Principles (Babina
et al., 2016).

MILLY (ClinicalTrials.gov identifier: NCT00930163) was a randomized, double-blind, placebo-controlled study of lebrikizumab
(anti-IL-13) in adults who had asthma that was inadequately controlled despite inhaled glucocorticoid therapy (Corren et al., 2011).

BOBCAT (Jia et al., 2012) was a multicenter observational study conducted in the United States, Canada, and the United Kingdom
of 67 adult patients with moderate-to-severe asthma. Inclusion criteria required a diagnosis of moderate-to-severe asthma
(confirmed by an FEV, between 40% and 80% of predicted value, as well as evidence within the past 5 years of > 12% reversibility
of airway obstruction with a short-acting bronchodilator or methacholine sensitivity [PC20] < 8 mg/mL) that was uncontrolled (as
defined by at least 2 exacerbations in the prior year or a score of > 1.50 on the ACQ5 while receiving a stable dose regimen [> 6 weeks]
of a high-dose ICS [> 1000 mg fluticasone or equivalent per day]) with or without a LABA.

EXTRA (ClinicalTrials.gov identifier: NCT00314574) was a randomized, double-blind, placebo-controlled study of Xolair (anti-IgE)
in subjects 12-75 years old with moderate to severe persistent asthma. Full details of the study design have been published previ-
ously (Hanania et al., 2013). In brief, after a 2- to 4-week run-in period, eligible patients were randomized in a 1:1 ratio to receive Xolair
or placebo (in addition to high-dose ICS and LABA, with or without additional controller medications) for 48 weeks. Our pharmaco-
genetic analysis population was a subset of the overall study population (N = 309 of 850), as we limited assessments to patients of
European ancestry who consented for genetic analyses.

Moderate asthmatic patients and healthy controls were participants in the Study of the Mechanisms of Asthma (MAST; clinical-
trials.gov: NCT00595153) (Simpson et al., 2014). Additional healthy human control blood and DNA samples were obtained through
Genentech Healthy Services from Genentech employee donors.

All clinical study participants included in these analyses reviewed and consented to Informed Consent Forms which were reviewed
and approved by local Institutional Review Board or Ethics Committees for use of clinical data and biomarker analyses.
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METHOD DETAILS

Expression and purification of tryptase

Human a- or B-tryptase genes were individually gene synthesized (Genewiz) and subsequently subcloned into a mammalian expres-
sion vector behind a CMV promoter and the HSV secretion signal sequence with an N-terminal Hisg-tag, an enterokinase cleavage
site directly fused to the mature N terminus of tryptase, and a C-terminal Flag-tag. Transient transfections of DNA plasmids encoding
for the tryptases were performed using CHO DKO cell line (Macaraeg et al., 2013), a derivative of the CHO-K1 cell line (ATCC number
CCL-61). DNA transfection was performed with a polyethylenimine (PEI) and DNA mix in Ham’s F12/DMEM media. The 10 L culture
was incubated at 33°C for 4 days and temperature shifted to 31°C for the remaining 10 days of transfections. A proprietary batch feed
supplement containing hydrolysates, amino acids, salts and glucose was added 24 h post-transfection to 20% of final volume.

Monomeric tryptase zymogens were purified for the assembly of active tryptase tetramers. CHO DKO supernatants (10 L) express-
ing the tryptase zymogens were mixed with 25 mL of Ni-NTA Superflow (QIAGEN) resin for batch binding overnight at 4°C. Super-
natants and resin mixtures were packed into an XK16 column (GE Healthcare). The column was washed with 3 column volumes (CV)
of PBS, pH 7.2 containing 150 mM NaCl, followed by another wash of 5 CV PBS buffer with 300 mM NaCl and 0.01% Triton X114 at
the flow rate equivalent to 25% CV/min. The column then underwent a third wash with 10 CV PBS, pH 7.2, plus 150 mM NaCl. The
fourth wash used 5 CV of PBS with 300 mM NaCl, pH 7.2 containing 8 mM imidazole to remove non-specific bound proteins. The
zymogen was eluted with 250 mM imidazole in PBS, pH 8.0. The elution pool was dialyzed into a buffer of 10 mM MOPS,
250 mM NacCl, at pH 6.0 or pH 6.8.

The assembly of active tryptase tetramers required the cleavage of the N-terminal sequence of the zymogen monomers. Zymo-
gens were concentrated to 5 mg/mL, and the final concentrations of 0.5 mg/mL enterokinase (NEB) and 0.5 mg/mL freshly prepared
heparin sodium salt (Sigma-Aldrich) were added to the tryptase zymogen solutions. Mixtures were incubated at room temperature
overnight 18-24 h with gentle rotation. The enterokinase-cleaved tryptases (mixtures of tetramers and mature monomers) were then
loaded directly onto a 24 mL Superdex 200 10/300 GL column (GE Healthcare) and run in 10 mM MOPS, 2.0 M NaCl, pH 6.0 at
1 mL/min to separate tryptase tetramers from cleaved monomers. Eluted fractions containing tryptase tetramers were assessed
for the tetramer molar mass by size exclusion chromatography (SEC) coupled with multi-angle light scattering (MALS). Tryptase tet-
ramers were pooled after the size was confirmed by SEC-MALS and were then concentrated to 1-3 mg/mL in 10 mM MOPS, 2.0 M
NaCl, pH 6.0. Purified tetramers were characterized by SEC-MALS to confirm the purity and tetramer molar mass.

Generation of anti-tryptase antibodies

Both BALB/c mice and New Zealand white rabbits were immunized with either recombinant human monomeric or tetrameric Bl-tryp-
tase. Hybridomas were then generated from both the mice and rabbits using standard methods. The resulting supernatants were
then screened by ELISA against monomeric Bl-tryptase. Briefly, 96-well Maxisorp plates were coated overnight with NeutrAvidin
(Thermo Fisher Scientific) at 5 png/mL and then blocked with PBS with 0.5% bovine serum albumin (BSA) and 0.05% Tween 20
for 30 min. Biotinylated human Bl-tryptase (diluted in PBS with 0.5% BSA, 0.05% Tween 20, and 0.1 mg/mL heparin) was added
to the wells at 1 pg/mL for 1 h. After three washes, hybridoma supernatants (samples) or controls were added to the wells for 1 h
followed by a horseradish peroxidase (HRP) conjugate (1:10,000; goat anti-rabbit IgG (H+L) HRP or goat anti-mouse 1gG (H+L)
HRP; Thermo Fisher Scientific) for 30 min. The BioFX TMB substrate was added, incubated for 5 min, and quenched with BioFX
stop solution. The plates were read at ODgs nm- All ELISA-positive clones were purified by affinity chromatography using standard
methods (described more in detail in the section of “Expression and purification of anti-tryptase IgG”) and then screened for inhibition
of human tryptase activity (described in the section of “tryptase enzymatic activity assays”). The antibody light chain and heavy chain
variable domain sequences for the clones with the best inhibitory activity were obtained by RT-PCR.

The humanized 31A clone was generated by inserting the CDR regions of the light and heavy chain domains into the closest human
consensus germline and grafting various Vernier positions onto the human germlines. The resulting DNA sequences were codon opti-
mized for human expression, synthesized by Genewiz, and subcloned into mammalian expression vectors. The variable light chain
was cloned into a pRK mammalian cell expression vector containing the human kappa constant domain (pRK.LPG3.HumanKappa;
Genentech) using sites for Agel and Kpnl. The variable heavy chain was inserted into a pRK mammalian cell expression vector en-
coding the full-length human IgG4 constant domain (pRK.higG4; Genentech) using sites for BsiWl and Apal. All of the IgG4 antibodies
contained the S228P mutation in the heavy chain constant region to prevent Fab-arm exchange.

Expression and purification of anti-tryptase IgG
All the humanized anti-tryptase variants were expressed as IgG4 antibodies in mammalian cells (CHO, CHO DKO (Macaraeg et al.,
2013), HEK293 or HEK293 DKO (Arena et al., 2019)). Cells were seeded at 1.0 x 10° cells/mL for transfection and incubated at 37°C,
5% CO, for 2 h prior to transfection. 30 pg of DNA (15 pg of LC and 15 pg of HC) was diluted in a DMEM-based medium to a final
volume of 3 mL. Then 60 pL of 7.5 mM 25 kDa linear PEI (Sigma) was added to the DNA solution, mixed and incubated at room tem-
perature before being added to the cells.

Seven days after transfection, the supernatant was harvested and purified using HiTrap column (GE healthcare) with MabSelect
Sure resin (GE Healthcare). Phosphate buffered saline (PBS; 0.01 M phosphate, 0.137 M NaCl, pH 7.2) was used as the loading
buffer. Antibodies were eluted with 0.1 M citrate, pH 3.0, and neutralized with 3 M Tris, pH 8.0, to a final pH of ~7.0. The eluted
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antibodies were dialyzed against PBS, pH 7.2, prior to the next purification step. Each antibody was further polished via size exclu-
sion chromatography to remove any aggregates and increase the homogeneity of monomeric antibody to at least 95%. Samples
were run on a Superdex S200 10/300 GL size exclusion column (GE Healthcare) using PBS, pH 7.2, load buffer at a flow rate of
1 mL/min (30 cm/h). Pooled fractions were filtered using a 0.2 pum filter, and antibody monomer content of the final antibody prep-
aration was assessed by analytical SEC carried out with a TSK-GEL, Super SW3000, 4.6 mm x 30 cm, 4 um (Tosoh Bioscience) col-
umn using a Dionex Ultimate 3000 system (Thermo Fisher Scientific) at a flow rate of 0.3 mL/min.

Total tryptase ELISA

Human BAL fluid or plasma tryptase levels were measured using a sandwich ELISA with 2 different monoclonal anti-tryptase anti-
bodies capable of detecting human BI-, ll-, BllI-, and a-tryptases (monomer or tetramer). Recombinant human tetrameric Bl-tryptase
was used to establish a standard curve. Briefly, 384-well Maxisorp plates (Thermo Fisher Scientific) were coated with capture anti-
body in PBS overnight at 4°C, washed with PBS plus 0.05% polysorbate-20 (PBST), then blocked with PBS/0.5% BSA for 2 h. This
and all subsequent incubations were performed at room temperature with gentle agitation. BAL or plasma samples diluted to a min-
imum of 1:4 or 1:100, respectively, in assay buffer (1X PBS pH 7.4, 0.35 M NaCl, 0.5% BSA, 0.05% polysorbate-20, 0.25% CHAPS,
5 mM EDTA, 15 PPM Proclin) were added to the plates after washing, and incubated for 2 h. After washing, plates were incubated
with biotinylated detection antibody (E82.AS, a chimeric rabbit/human antibody derived from rabbit E82 with the VL-CL disulfide
changed to A and S (C80A:C171S), respectively) diluted in assay diluent (1X PBS pH 7.4, 0.5% BSA, 0.05% polysorbate-20, 15
PPM Proclin) for 1 h followed by SA-HRP (1/20,000, GE Healthcare), also for 1 h. After washing, color was developed with tetramethyl
benzidine (TMB, MOSS, Inc.) and the reaction was stopped by adding phosphoric acid. The plates were read at 450 nm with a 620 nm
reference using a microplate reader. The concentrations of human tryptase were determined from a four-parameter fit of the standard
curve. The lower limit of quantification was 5 pg/mL in BAL or 140 pg/mL in plasma. A median albumin value in all asthma samples
was used to normalize various dilution factors in BAL. ELISA analysis of BAL albumin was performed as per manufacturer’s instruc-
tions (Bethyl Laboratories, Inc.). The kit provided human reference serum was used to establish the standard curve. In brief, 384-well
plates were coated overnight at 4°C with goat-anti-human albumin antibody (10 ng/mL) in 0.05 M sodium bicarbonate buffer, pH 9.6.
Subsequent steps were performed as in the total tryptase ELISA with the exception that standards, BAL samples (minimum 1:100
dilution), and HRP-conjugated goat-anti-human albumin detection antibody (1:30,000 dilution) were all diluted in assay diluent.
The lower limit of albumin quantification was 313 ng/mL in BAL.

Active tryptase allele count

PCR followed by Sanger sequencing of genomic DNA was employed to determine active tryptase allele count as described previ-
ously (Trivedi et al., 2009). In brief, active tryptase allele count was assessed as the number of remaining active tryptase genes (en-
coding BI-, Bll-, Blll-tryptases) after accounting for tryptase alleles encoding a- and BllI7S-tryptases (Trivedi and Caughey, 2010). Ge-
notypes were automatically called using the intensity ratio of the two (A/B) alleles. Patients were assigned to genotype bin based on
this ratio. Genotypes were confirmed by visual inspection of the sequencing traces for 5% of the population without error. Identifi-
cation of a-tryptase duplication was performed with whole genome sequencing of blood DNA from asthma patients and the detection
algorithm was based on a previous report (Lyons et al., 2016).

Tryptase genotyping

We used a consensus realignment strategy to assign o and BlIl frameshift allele counts to individuals for whom we had lllumina whole
genome sequencing (WGS) data. WGS data were aligned against the human reference genome (GRCh38) using bwa according to
GATK best practices. We extracted reads aligning to the genomic region including the tryptase genes (chr16:1200000-1300000).
Paired end reads from this region were realigned to a consensus sequence derived from the majority of the genic sequence (exons +
introns) from the TPSB2, TPSAB1 and TPSD1 genes (see Data S1). Crucially, this region includes the inactivating catalytic triad
variant identified in a-tryptase (highlighted in red, Data S1), and the insertion position for the Blll-tryptase frameshift allele (denoted
in green, Data S1).

From the alignments to the tryptase consensus, we found evidence of an insertion that corresponded to the frameshift allele in
many individuals in our WGS cohort. In order to determine BllI-tryptase frameshift allele count, we counted the number of reads
consistent with the frameshift allele, and the total number of reads that aligned against that region of the consensus sequence.
The fractional abundance of BllI-tryptase frameshift bearing reads resulted in a trimodal distribution of allele fractions that seemed
to indicate presence of 0, 1 or 2 frameshift alleles. When compared against genotyping determined using the Sanger sequencing
assay, the estimates determined by the WGS method and the Sanger sequencing results are in accord (Figures S3A-S3C).

a-Tryptase has many single nucleotide variants that differ from tryptase beta alleles, including several SNVs associated with a lack
of enzymatic activity. When we performed principal components analysis on the allele fractions for all SNVs in the realigned data, we
found that the second principal component correlated with abundance of the known inactivating variants. We identified 43 SNVs that
strongly correlated with the second principal component. As with the Blll-tryptase frameshift allele, the average allele fraction showed
a roughly trimodal distribution that was indicative of presence of 0, 1 or 2 a-tryptase alleles. These allele count estimates were in
strong agreement with a-tryptase allele counts determined by Sanger sequencing (Figures S3A-S3C).
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Examination of the a-tryptase allele fractions identifies a significant number of samples with intermediate fractions that are poten-
tially the result of copy number variation (CNV) of the TPSAB1 gene, as previously described (Lyons et al., 2016). Examination of
genomic alignments to the tryptase region in individuals with these unusual allele fractions identified a novel region that potentially
indicates the de novo junction found in the duplication. We further aligned our tryptase WGS reads against this junction region. In-
dividuals with evidence of this junction were enriched for intermediate a-tryptase allele fractions. We found a strong association be-
tween presence of the junction sequence combined with intermediate allele fraction and SNPs that were previously identified as
tagging the TPSAB1 CNV (rs3751664, rs58124832, and rs72552056). We took these SNPs as evidence for tryptase o duplication
or triplication and later validated by droplet digital PCR method according to previous description (Lyons et al., 2016). The droplet
digital PCR was performed at Gene-by-Gene Inc (Houston, TX) under a service contract between Genentech and Gene-by-Gene.

Affinities and kinetic rates measurement

The affinity of the humanized variants of 31A for each human tryptase was determined by surface plasmon resonance using a Biacore
T200 using HBS-P Buffer (GE Healthcare). Biacore Series S CM5 sensor chips were immobilized with monoclonal mouse anti-human
IgG (Fc) antibody (Human antibody capture kit from GE Healthcare) and anti-tryptase variants were subsequently captured on each
flow cell. Serial 3-fold dilutions of the human tryptase monomer were injected at a flow rate of 30 uL/min. Each sample was analyzed
with 3-min association and 10-min dissociation. After each injection the chip was regenerated using 3 M MgCl,. Binding response
was corrected by subtracting the RU from a reference flow cell. A 1:1 Languir model of simultaneous fitting of association (kon) and
dissociation (korg) rate constants was used for kinetics analysis.

Tryptase enzymatic activity assays

Inhibition of tryptase activity by humanized anti-tryptase antibodies was measured as follows. Recombinant human l-tryptase
tetramer was diluted to 0.75 nM in 200 mM Tris pH 8.0, 150 mM NaCl, 0.1 mg/mL heparin (Sigma-Aldrich), 0.01% TRITON
X-100), and combined 1:1 with a concentration dependent titration of anti-tryptase antibodies (previously diluted in PBS, pH 7.4)
in black ViewPlate 384-F plates (PerkinElmer). Plates were incubated for 1 h at room temperature with gentle agitation. Chromogenic
substrate Chromogenix S-2288 (S-2288) (H-D-lle-Pro-Arg-pNA) (DiaPharma) was diluted to 1.2 mM in the buffer above and added to
the plate. Final well concentrations were 400 uM S-2288, 0.25 nM Bl-tryptase tetramer, 66 pg/mL heparin (Sigma-Aldrich), and
titrated anti-tryptase antibodies. Plates were either read kinetically every 2 min for 60 min or incubated for 40 min at room temperature
with gentle agitation and then were read at OD405 nm- Enzymatic activity was linear during the entire assay. IC5q values of the anti-
tryptase antibodies were determined from a four-parameter fit of their respective curves using Prism (Graphpad).

Tryptase assays at different pH values were carried out as follows. The activity of 1 nM tetrameric pl-tryptase was measured at
different pH buffers (50 mM MES pH 6.0, 50 mM Tris for pH 7.0 and 8.0) containing 150 mM NaCl and 1 pg/mL heparin (Sigma-Aldrich)
with 1 mM S-2288 substrate (DiaPharma); final volume was 200 L. Prior to substrate addition, tryptase was incubated for 30 min
with either 500 nM anti-tryptase alone or in combination with 2 uM aprotinin (Sigma-Aldrich) or no inhibitors. The reaction velocity
was determined by the rate at which p-nitroaniline (pNA) is released, which was measured spectrophotometrically at 405 nm
using a SpectraMax M5e plate reader (Molecular Devices). Experiments were performed in triplicates and velocities reported as
means + SD.

Tryptase assays using different p-nitroanilide chromogenic substrates (Table S4) were carried out using 1 nM Bl-tryptase tetramer
in the absence or presence of 500 nM 31A.v11 1gG4 for 30 min in 50 mM Tris pH 7.5, 150 mM NaCl and 10 pg/mL heparin (Sigma-
Aldrich). Assays were initiated by addition of substrate to give a final concentration of 1 mM. Reaction velocities were determined as
described above.

Kinetics to determine the of mode of inhibition were carried out using 1 nM Bl-tryptase tetramer in 50 mM Tris pH 7.5, 150 mM NaCl,
100 ng/mL heparin (Sigma-Aldrich). Prior to substrate addition, tryptase and anti-tryptase were incubated for 30 min. Reactions were
initiated using S-2288 substrate (DiaPharma) with concentrations ranging from 1000 to 0.5 uM at 7 different antibody concentrations
ranging from 20 nM to 0.31 nM; final volume was 200 pL. Reaction velocities were determined described as above. Using Kaldeida-
graph 4.1.3 (Synergy Software), the velocities were fit to Michaelis-Menten equation using linear regression and Ky, and V4« values
were calculated for each antibody concentration. Experiments were performed in triplicates and data at specific concentrations are
mean with standard deviation (SD).

Tryptase assays were carried out using a highly fluorescence quenched protein substrate BODIPY FL-casein (EnzChek Protease
Assay Kit, Thermo Fisher Scientific). Bl-tryptase tetramer (10 nM) and anti-tryptase (500 nM) were incubated for 30 min in 50 mM Tris
pH 7.5, 150 mM NaCl and 10 pg/mL heparin (Sigma-Aldrich) followed by the addition of BODIPY FL-casein (10 pg/mL final concen-
tration). The activity of tryptase was measured by monitoring the fluorescence on a SpectraMax M5e plate reader (Molecular Devices)
with excitation at 485 nm and emission at 530 nm.

The endogenous human tryptase from degranulated mast cell supernatant was quantified using a human total tryptase ELISA. The
endogenous tryptase was diluted to 2.4 nM in 200 mM Tris pH 8.0, 150 mM NaCl, 0.1 mg/mL heparin (Sigma-Aldrich), 0.01% TRITON
X-100 and combined at a 1:1 ratio with anti-tryptase antibody or Fab in black Optiplate-384 plates. The plates were incubated for 1 h
at room temperature with gentle agitation. A fluorescence-quenched peptide substrate, Mca-Arg-Pro-Lys-Pro-Val-Glu-Nval-Trp-
Arg-Lys(Dnp)-NH, (ES002, R&D Systems), was diluted to 10.5 pM in enzymatic assay buffer and added to the plates. Final in-well
concentrations of the anti-tryptase antibodies, endogenous human tryptase, and ES002 substrate were 0.05-222 nM, 0.8 nM,
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and 3.5 uM, respectively. The plates were read kinetically every 2 min for 60 min using excitation wavelength at 320 nm to measure
the emission at 405 nm. The 100% tryptase activity was determined by the average velocity of the control wells without the antibody
and the 0% activity was determined by the average velocity of the control wells without mast cell supernatant.

BAL fluid from murine model of mast cell induced anaphylaxis response was incubated with of 10 pg/mL STl and 5 uM a-1 anti-
trypsin for 10 min at room temperature in 50 mM Tris pH 8.0 150 mM NaCl and 1 pg/mL heparin (Sigma-Aldrich), prior to the addition
of 400 uM S-2288. Samples were incubated overnight and read at OD4g5 nm-

Tryptase enzymatic activity from human mast cells

Primary mast cells were purified from human newborn foreskin (n = 101) using anti-human c-Kit microbeads (Miltenyi Biotec) (Babina
et al., 2016). Non-mast cell fractions were used for genomic DNA isolation and tryptase genotyping. Tryptase activity was assessed
from mast cell lysates using Z-Gly-Pro-Arg-pNA (Bachem) in the presence of a1-antitrypsin (Sigma-Aldrich) to suppress other
trypsin-like proteases. Tryptase activity is expressed as a function of equivalent concentration of active tryptase per mast cell.

BSMC collagen contraction assay

Tryptase induced muscle contraction was studied by plating bronchial smooth muscle cells (BSMC; Lonza) in collagen at 9 x 10°
cells/mL in a 24-well plate following the manufacturer’s guidelines (Cell BioLabs Inc.). After 1 h incubation at 37°C, cells in collagen
matrices were overlaid with 1 mL of SmMGM-2 without serum or supplements. After 24 h, media was replaced with serum free media.
Tetrameric Bl-tryptase was diluted in the presence or absence of anti-tryptase (300 ng/mL) and incubated for 30 min at 37°C prior to
adding to the specified wells. Final concentrations were 330 nM (10 ug/mL) tryptase and 2 uM (300 ng/mL) anti-tryptase. Cell contrac-
tion was initiated by the release of the matrix from the plate wall using a sterile pipette tip. Serum free media alone was used as a no
stimulation control. At the start of cell contraction, matrices were visualized, imaged and recorded using a Protein Simple Alpha |
Imager. Cells were incubated at 37°C for an additional 3 h and matrices were reimaged and recorded.

Quantification of mast cell degranulation in vitro

Anti-NP IgE (100 ng/mL) (JW8.5.13, Serotec) was added to LAD2 cells plated at 4 x 10° cells / 4mL in a 6-well tissue culture plate
(Corning) and the cells were incubated overnight at 37°C to prime the cells. Cells cultured in media only, without the addition of anti-
NP IgE, served as a negative control. After the overnight incubation, cells were washed three times with media to remove unbound
anti-NP IgE. Cells were incubated with 100 pg/mL anti-tryptase or 10 mM tryptase small molecule inhibitor (BMS-262084) (Sutton
et al., 2002), mixed thoroughly and incubated at RT for 1 h. Following this incubation, NP-BSA (Sigma) was added to the indicated
samples at a final concentration of 0.1 ng/mL to trigger cell degranulation. Samples were mixed thoroughly and incubated at 37°C in
CO, incubator for 1 h. After 1 h incubation, cells were centrifuged at 3000 rpm for 5 min at RT, and the supernatant was collected for
histamine measurement. The cell pellet was lysed using 0.5% Triton X-100. Histamine in the degranulation supernatant was quan-
titated using histamine ELISA kits (GenWay Biotech, Inc; Neogen Life Sciences).

For human tryptase mediated mast cell degranulation, LAD2 cells were treated with 3 pg/mL tetrameric tryptase (wild-type or
S195A mutant) or 3 pg/mL tryptase which had been pre-incubated with 100 pg/mL anti-tryptase for 45 min at room temperature.
PBS was added to the specified sample to serve as a no stimulation control. Samples were mixed thoroughly and incubated at
37°C for 1 h. After 1 h incubation, cells were centrifuged at 3000 rpm for 5 min at room temperature, and the supernatant was
collected for histamine measurement. Histamine in the degranulation supernatant was quantitated as above.

Prostaglandin D2 was measured in the cell supernatant using a PGD2 ELISA (Cayman).

B-hexosamindase release was measured by using the hexosaminidase substrate, p-nitrophenyl-N-acetyl-B-D-glucosaminde
(PNAG dissolved in 0.1 M citric acid, pH 4.5). Cell supernatant was combined with prewarmed PNAG substrate in a 96 well plate
and incubated at 37°C for 2-3 h. Total B-hexosaminidase was also measured in the cell pellet. The reaction was stopped with 0.2
M glycine-NaOH pH 10.8) and OD read at 405 nM with 655 nM as reference. f-hexosaminidase data is expressed as the percent
of the total released plus cell pellet.

BSMC proliferation assay

To analyze the proliferative effects of tryptase, BSMC were plated in 96-well tissue culture plates (Corning) at 2 x 10° cells/mL and
incubated for 24 h. Cells were treated with serum free media for 24 h. Tetrameric Bl-tryptase diluted in the presence or absence of
anti-tryptase was added to the cells. Cells treated with media alone were used as a no stimulation control. Final concentrations were
100 nM (3 pg/mL) tryptase and 3 ng/mL to 300 pg/mL anti-tryptase. Plates were incubated for 24 h at 37°C before the addition of 1 pCi
of H3-thymidine per well. Proliferation was measured after 6 h by H3-thymidine incorporation. Cell-associated radioactivity was quan-
tified by scintillation counting.

Procollagen Type | C-Peptide cell-based assay

Normal primary human lung fibroblasts (NHLF; Lonza) were plated in a 24-well plate at 4 x 10 cells/mL in complete fibroblast growth
media (Lonza). After a 24 h incubation, cells were treated with 100 nM (3 ug/mL) tetrameric Bl-tryptase alone or Bl-tryptase preincu-
bated with 667 nM (100 png/mL) anti-tryptase for 30 min, 37°C. After 4 days at 37°C, supernatants were quantitated for tryptase
induced collagen production using Procollagen Type | C-Peptide EIA (Takara Bio).
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Tryptase cleavage of protein substrates

CD34" culture derived mast cells were primed for 24 h with 2 pg/mL human anti-NP IgE (clone JW8.5.13) and washed 3 times with
growth media. Cells were resuspended in 100 pL of 50 mM Tris pH 8.0, 150 mM NaCl, 0.1 mg/mL heparin (Sigma-Aldrich) at 5 X10°
cells/mL. Degranulation was triggered by incubating cells with 1 pg/mL anti human IgE (Millipore) for 1 h at 37°C. Mast cell degran-
ulation supernatant was incubated in the presence or absence of 200 nM (30 ng/mL) anti-tryptase for 1 h at 37°C prior to the addition
of 2 ug vasoactive intestinal peptide (VIP). Samples were incubated for 1 h at 37°C. Samples were then boiled for 5 min and resolved
on a Novex 18% Tris Glycine gel (Thermo Fisher Scientific) and stained with SimplyBlue SafeStain (Thermo Fisher Scientific) for pro-
tein visualization. Mast cell supernatant without anti-tryptase added, served a stimulation control. Human IgE primed, but not anti IgE
triggered, mast cells served as a no stimulation control.

For fibrinogen degradation, 30 nM (1.0 ng/mL) Bl-tryptase was preincubated with 1.3 uM (200 pg/mL) anti-tryptase for 30 min in
50 mM Tris, 150 mM NaCl, 0.1 mg/mL heparin (Sigma-Aldrich) at pH 6.0 or 7.5 at room temperature. The mixture was then incubated
with 5 ng human fibrinogen (Haematologic Technologies, Inc.) for 2.5 h at 37°C. The resulting cleavage products were resolved on a
Novex 8% Tris Glycine gel (Thermo Fisher Scientific), visualized by SimplyBlue SafeStain (Thermo Fisher Scientific) and imaged with
a Protein Simple Alpha | Imager.

Size exclusion chromatography

Size exclusion chromatography (SEC) was used to analyze WT and mutant Bl-tryptase variants alone or bound to anti-tryptase Fab
(humanized 31A.v11) using an Superdex 200 10/300 GL column (25-mL bed volume; GE Healthcare) in either 10 mM MOPS, pH 6.8,
2 M NaCl or 50 mM Tris, pH 8, 150 mM NaCl, 0.1 mg/mL heparin (Sigma-Aldrich) at 0.5 mL/min flow rate and following the absor-
bance at 280 nm essentially as described (Maun et al., 2018).

Hydrogen-deuterium exchange mass spectrometry

Deuterium uptake rates of monomeric Bl-tryptase in the presence and absence of anti-tryptase Fab were measured to determine
structural regions modified upon antibody binding. Bound samples contained 1:1 mixture of l-tryptase and Fab, prepared and incu-
bated at room temperature for 1 h. Bl-Tryptase concentration prior to deuterium labeling was 30 uM in Fab bound and unbound sam-
ples. HDX experiments consisted of diluting samples 15-fold into deuterium labeling buffer containing 20 mM histidine (Serva Elec-
trophoresis GmbH) buffered with acetic acid to pD 7.0. Six labeling times, logarithmically sampled between 30 s and 1000 min were
taken in triplicate, quenched by lowering the pH to pH 2.5 and the addition of 2 M guanidinium chloride (Sigma-Aldrich) and 0.25 M
TCEP (Sigma-Aldrich) and injected into a cold online system as described (Mayne et al., 2011).

Briefly, samples were first passed through an immobilized pepsin column (2.1 x 30 mm, Applied Biosystems) and loaded onto an
Acquity Vanguard Cg trap column (Waters) for desalting. Peptide fragments were then separated by reversed-phased chromatog-
raphy using an Acquity UPLC BEH C4g (1.7 pm particle size, 1.0 x 50 mm) (Waters) and introduced into a Thermo Orbitrap Elite
mass spectrometer (120k Hz resolution at m/z 400) (Thermo Fisher Scientific) for mass analysis. Chromatographic mobile phases
were prepared as described (Walters et al., 2012) to minimize deuterium back exchange. The ExMS program (Kan et al., 2013) as
used to identify deuterated peptides and prepare extracted ion chromatograms, which were then analyzed by in-house python
scripts (Walters et al., 2013). These scripts combine degenerate charge states, fit isotopic distributions with binomials, and extract
the number of deuterium atoms carried, on average, by each peptide.

Crystallization and structural determination

Tetrameric Bl-tryptase used for crystallization was expressed in baculovirus-infected Trichoplusia ni insect cells (Expression Sys-
tems) and purified in a previously described protocol (Maun et al., 2018). Briefly, insect cell media containing secreted His6-tagged
zymogen B-tryptase was loaded onto a 10 mL Ni-NTA Superflow column (QIAGEN) at a volumetric flow rate of 170 cm/h. The column
was washed with 10 column volumes (CV) of wash buffer (20 mM Tris pH 8, 10 mM imidazole, 300 mM NacCl) and eluted with 8 CV
elution buffer (20 mM Tris pH 8, 300 mM imidazole, 300 mM NacCl). Fractions assayed by SDS-PAGE containing B-tryptase were
pooled, concentrated and loaded onto a Superdex 200 10/300 GL size exclusion column (GE Healthcare) for further purification
by size-exclusion chromatography (SEC) using buffer (10 mM MOPS pH 6.8, 2 M NaCl) at a flow rate of 0.5 mL per minute. Fractions
containing zymogen B-tryptase (monomeric) were pooled and concentrated. Zymogen B-tryptase was then cleaved overnight at
room temperature at a concentration of 2 mg/mL in 10 mM MOPS pH 6.8, 0.2 M NaCl containing 0.5 mg/mL heparin sodium salt
(Sigma-Aldrich) and 0.1 mg/mL enterokinase (NEB). Tetrameric B-tryptase was then subjected to SEC in buffer (10 mM MOPS pH
6.8, 2 M NaCl) to purify tetrameric B-tryptase by removing EK and any uncleaved zymogen B-tryptase.

For crystallization, Tetramer Bl-tryptase was mixed with 1.5-fold molar excess anti-tryptase Fab (humanized 31A.v11) and 2-fold
molar excess soybean trypsin inhibitor (STI) (Sigma-Aldrich) and incubated for 10 min at room temperature. The mixture was then
subjected to size exclusion chromatography using a S200GL column (GE Healthcare) in 10 mM MOPS pH 6.8, 0.5 M NaCl. Fractions
containing the ternary complex of Fab, Bl-tryptase and STl were pooled and concentrated to 40 mg/mL.

Crystallization buffer containing 0.1 M Tris pH 7.5, 0.2 M lithium sulfate and 5% PEG4000 was mixed in equal volume with protein
solution. Crystals of Bl-tryptase-Fab-STI were grown at 19°C using vapor diffusion in hanging drops. The crystals were dipped in
artificial mother liquor containing 25% ethylene glycol and vitrified in liquid nitrogen.
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Diffraction data extending to 2.15 A were collected in a hexagonal lattice at ALS beamline 5.0.2. Data reduction and scaling (Ot-
winowski and Minor, 1997; Winn et al., 2011) allowed assignment of the Laue class to 6/mmm. Based on unit cell volume and pro-
posed protein content, a single fl-tryptase+Fab-STl complex was expected in the crystallographic asymmetric unit. The structure
was solved using molecular replacement (McCoy et al., 2007) in space group P6,22 using as search probes a previously determined
tryptase protomer derived from PDB accession 4A6L (Liang et al., 2012) STI from PDB 1AVU (Song and Suh, 1998), an Fv fragment
stripped of CDR loops from PDB 1FVC (Eigenbrot et al., 1993), and the constant region from PDB 1FVD, each as separate bodies.
After some restrained refinement (Murshudov et al., 2011), electron density maps permitted correction of Fab protein sequence and
fitting missing residues and side chains into clear density (Emsley et al., 2010). Waters were added automatically (Adams et al., 2010).
More rounds of model adjustments and refinement (Bricogne et al., 2011) led to the final model, metrics for which appear in Table S5.
The model is continuous for Bl-tryptase residues 116-K244 (chymotrypsinogen numbering), STI residues D1-D177, Fab light chain
residues D1-C214 (Kabat numbering). The Fab heavy chain is continuous except for a five amino acid residue gap in the constant
domain. The value for the shape complementarity statistic (Sc) (Lawrence and Colman, 1993) is 0.73, consistent with other tight-bind-
ing Fab/antigen complexes. Solvent accessible surface area calculations were carried out using XSAE (C. Broger, F. Hoffman,
LaRoche, Basel, Switzerland), which calculates solvent accessibility based on the algorithm of Lee and Richards (Lee and Richards,
1971). Crystal packing contacts < 4 A are well distributed around STI, tryptase, and all four Fab domains and include numerous
H-bonds as well as hydrophobic contacts.

Murine model of mast cell induced anaphylaxis

NSG-SGM3 mice were irradiated with 100 cGy and reconstituted with CD34* human hemopoietic stem cells (performed at Jackson
Laboratory). Twelve weeks after reconstitution, human immune cell engraftment was confirmed by flow cytometry analysis of blood
human CD45* cells and frequency of CD117*FceRI* mast cells and serum human tryptase ELISA. Induction of IgE mediated anaphy-
laxis was performed as described (Bryce et al., 2016). Animals (groups of 8-10) with similar blood mast cell percentage from the same
human donor were re-randomized into two groups based on the similar engraftment rate of human mast cells in blood and injected
intravenously (V) with anti-tryptase (250 pg/mouse) or anti-gD 1gG4 (250 png/mouse) respectively. After antibody treatment for 6 h, all
animals were injected IV with 5 pg of anti-NP IgE (JW8.5.13, Serotec). Systemic anaphylaxis was induced 12 h later by an IV injection
of NP-BSA conjugates (Sigma) and body temperature was monitored for every 5-10 min.

Pharmacokinetics in cynomolgus monkeys

To evaluate the pharmacokinetics and pharmacodynamics of anti-tryptase in nonhuman primates, six male cynomolgus monkeys
(Macaca fascicularis, Chinese origin) were assigned to 2 groups (n = 3/group). The animals were approximately 3-4 years old and
weighed approximately 3.4-4.4 kg at the initiation of the study. Animals in group 1, were given a single 30 mg/kg IV bolus dose of
anti-gD antibody (isotype control), and animals in group 2 received a 30 mg/kg single IV dose of anti-tryptase. Doses were admin-
istered via the saphenous vein. At various time points up to 43 days post-dose, serum samples (n = 3 samples/time point) were
collected and analyzed for serum anti-tryptase concentrations by ELISA methods. Individual serum concentration at different time
points were used to estimate pharmacokinetic parameters using a two-compartmental and non-compartmental analysis. Levels
of active tryptase and total tryptase were evaluated in the BAL fluid collected on study Days —6, 1 (8 h post-dose), 3, 8, 15, 22,
and 29, and measured as a PD biomarker to assess target engagement in animals.

Active tryptase quantification
Cynomolgus monkey active tryptase levels from BAL fluid and human active tryptase levels in BAL fluid from humanized mice were
measured using a sandwich ELISA (Figure S5). An antibody recognizing cynomolgus monkey tryptase (13G6) or human tryptase
(E88.AS, a chimeric rabbit/human antibody derived from rabbit E88 with the VL-CL rabbit disulfide changed to A and S
(C80A:C171S), respectively) was used as the capture antibody and active recombinant cynomolgus monkey or human tryptase tet-
ramers were used to establish a standard curve. Assay standards, controls, and diluted samples were incubated for 10 min with
0.5 mg/mL STI (Sigma-Aldrich) and then labeled with 1 1M of a biotinylated activity-based probe (ABP) - Bio-PK-DPP (probe 4), which
binds covalently to the active form of tryptase, for 1 h (Pan et al., 2006). A small molecule tryptase inhibitor (BMS-262084) (Sutton
et al., 2002) was then added at 10 uM for 20 min to stop the ABP labeling followed by incubation with 10 ng/mL of anti-tryptase anti-
body for 10 min. The mixture was added to an ELISA plate pre-coated with the capture antibody, incubated for 1 h, washed with
PBST and incubated with streptavidin horseradish peroxidase (SA-HRP; GE Healthcare) for 2 h. After washing, color was developed
with TMB (SeraCare) and the reaction was stopped by adding phosphoric acid. Plates were read at 450 nm/630 nm using a Molecular
Devices Spectramax M3 microplate reader. The lower limit of quantification (LLOQ, 0.078 ng/mL) in the 1:2 dilution of cynomolgus
monkey BAL samples is denoted by a dotted line. Data points falling below LLOQ were plotted as 0.04 ng/mL, which was half the
LLOQ of the assay. For detection of active human tryptase in mouse BAL fluid the lower limit of quantification (LLOQ, 0.3 ng/mL)
is denoted by a dotted line. Data points falling below LLOQ were plotted as 0.15 ng/mL, which was half of the LLOQ of the assay.
Additional characterization was performed to ensure specificity of binding of ABP to active tryptase (Figure S5). Recombinant cyn-
omolgus monkey active tryptase was pretreated with a tryptase small molecule inhibitor (10 uM BMS-262084) or 10 ng/mL dissoci-
ating anti-tryptase antibody (31A.v11) for 30 min prior to labeling with 10 uM biotinylated-ABP for 20 min. Samples (in reducing
loading buffer) were run on a 4%-12% BT/MES denaturing gel. Gel was visualized by western blot with streptavidin horseradish
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peroxidase (at 1:5000; GE Healthcare) for 45 min. The blot was stripped and re-blotted for total tryptase with antibody AA1 (Thermo
Fisher Scientific), which recognizes total tryptase (at 1:1000), for 2 h; detection was carried out with West dura reagent (Thermo Fisher
Scientific).

Cynomolgus monkey Ascaris suum

Cynomolgus monkeys were sensitized by challenges with Ascaris suum (A. suum) by: intra-muscular injection ondays 0, 7, 15, 34, 71,
78, and 85; intra-peritoneal injection on days 0, 7, 15, 71, 78, and 85; and inhalation on days 29, 50, 120, 184, and 205. This sensi-
tization procedure was based on a previous study as described (lwashita et al., 2008). For A. suum inhalation, animals were anes-
thetized, intubated, and mechanically ventilated. A single dose of A. suum (between 4 or 4000 pg/mL in PBS; appropriate concen-
tration for each animal was determined during sensitization phase as the concentration which elicited desired/adequate lung
reactivity) was administered via intermittent positive pressure breathing with a ventilator and in-line nebulizer over 30 breaths. Seven
monkeys with positive response as determined by wheal/flare response to intra-dermal A. suum challenge on day 140 and lung func-
tion response to inhaled A. suum challenge on day 205 were used in this study.

Each animal underwent a vehicle treatment phase and a drug treatment phase. Therefore, each animal serves as its own control
(see Figure 7E). During the vehicle phase, animals were administered vehicle (20 mM histidine acetate/240 mM sucrose, pH 5.5) via
slow IV bolus injection (Day 1). Twenty-four h following vehicle administration (Day 2), each animal received an inhaled challenge with
A. suum. BAL samples were collected 30 min after challenge and used for measurement of active tryptase. Animals were rested for
4 weeks prior to start of the drug phase of the study. During the drug phase, the same animals were administered anti-tryptase anti-
body (100 mg/kg) via slow IV bolus injection on Day 1. Twenty-four h following vehicle administration (Day 2), each animal received an
inhaled challenge with A. suum. BAL samples were collected 30 min after challenge and used for measurement of active tryptase. In
the BAL of one animal there was a non-specific signal that interfered in the active tryptase immunoassay, which confounded the abil-
ity to assess active tryptase in this animal.

Quantitation of 3-methylhistamine in cynomolgus monkey urine was achieved using a liquid chromatography coupled with mass
spectrometry. Chromatographic separation was achieved by using a Phenomenex Luna HILIC column (50 x 2.1 mm, 2.7 pum) with
gradient elution using 25 mM ammonium formate in 50:50 acetontrile:water and 25 mM ammonium formate in 95:5 acetonitrile:water
with a flow rate of 0.8 mL/minute. The retention times were 0.99 min for both 3-methylhistamine and 3-methylhistamine-d3 (internal
standard) and multiple reaction monitoring used 126.0 -> 109 m/z for 3-methylhistamine and 129.1 -> 112.1 m/z for 3-methylhist-
amine-d3.

Collection of bronchoalveolar lavage fluid

The bronchoalveolar lavage (BAL) fluid was collected by guiding a pediatric fiberoptic bronchoscope past the carina to wedge in a
major bronchus. Pre-warmed 20 mL PBS was instilled and immediately aspirated for collection into a 50 mL conical tube. Samples
were placed on ice until they were centrifuged at 1500-1700 RPM for 10-12 min at 2-8°C. Supernatants were collected and stored at
—60 to —80°C.

QUANTIFICATION AND STATISTICAL ANALYSIS

R software (version 3.4.3) and R packages (haven, Ime4, Ismeans, contrast, and multcomp) was utilized for data analysis and plotting
for Figures 1, 2, 3. The statistical methods are described in the text and figure and table legends.

GraphPad Prism was utilized for statistical analysis on Figures 4-7. Statistical details of experiments can be found in figure legends
or table description, including the statistical tests used and value and definition of n.

Differences were considered to be statistically significant when p < 0.05. For clinical samples analysis, all available subjects are
included in the analysis. For biological experiments, sample sizes were determined based on previous experience with similar
experiments.

DATA AND CODE AVAILABILITY

The accession number for the Atomic coordinates for anti-tryptase Fab- pl-tryptase STl ternary complex is PDB: 601F. Further in-
formation about sample preparation, data collection, or data processing is described in the method details and can also be directed
to the Lead Contact.

ADDITIONAL RESOURCES

Web resources containing the clinical trial design and enroliment criteria can be found in ClinicalTrials.gov. Registry number for MAST
study is NCT00595153. Registry number for EXTRA study is NCT00314574. Registry number for MILLY STUDY is NCT00930163.
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Figure S1. ELISA Development for Quantifying Tryptase Levels in Asthmatic Bronchoalveolar Lavage Fluid and Plasma, Related to Figure 1
(A) Development of a sensitive ELISA recognizing variants of tryptase tetramers and monomers. (B) BAL tryptase concentration in healthy subjects or mild asthma
patients stratified with serum periostin (25 ng/mL as cutoff value). (C) BAL tryptase association with serum periostin in mild asthma patients. (D, E) BAL and
plasma tryptase concentration in healthy subjects or severe asthma patients (BOBCAT) stratified with serum periostin. (F) Relationship of BAL tryptase versus
blood periostin in severe asthma subjects (BOBCAT). Mann-Whitney tests were used to compare the difference between groups *p < 0.05, **p < 0.01, **p <
0.001. Pearson’s correlation was used to test the association between BAL tryptase and blood periostin.
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Figure S2. Tryptase Locus Genotyping and Serum Tryptase Level by Sanger Sequencing and Whole-Genome Sequencing Methods and
Characterization of Tryptase and IgE-Induced Mast Cell Degranulation, Related to Figure 2

(A, B) a-tryptase and BllI-tryptase frameshift alleles determined by Sanger sequencing method and whole genome sequencing method. (C) Tryptase in the serum
of human asthma patients stratified by active tryptase alleles determined by Sanger sequencing or whole genome sequencing methods. Each dot represents one
individual patient. (D) Tryptase in serum of human asthma patients. Data is represented as mean + SE and each dot represents an individual patient. There are 9 a-
tryptase duplication patients in total out of 260 sequenced asthma patients. Total mast cells were lysed to quantify total tryptase protein (E) and tryptase activity
(F). Data is represented as mean + SE and Student’s t test was used to compare between two groups. (G) Histamine concentration in culture supernatant
of CD34" stem cell derived mast cells treated with saline control, mutant Bl-tryptase (S195A), wild-type (WT) BI-tryptase with control antibody or anti-tryptase.
(H, 1, J) Histamine concentration, percentage of total f-hexosaminidase release, and prostaglandin D2 (PGD2) concentration in culture supernatant of LAD2 cells
treated with saline, B-tryptase, IgE and anti-IlgE immune complex, or B-tryptase and IgE/anti-IgE immune complex together. Data is represented as mean + SE
(n =6). *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001
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Figure S3. Inhibitory Mechanism Characterization of Anti-tryptase Antibody and Catalytic Activity of Bl-Tryptase Is Essential in Promoting
Cell Proliferation or Contraction, Related to Figure 4

(A) Anti-tryptase 31A.v11 IgG4 antibody shows noncompetitive inhibition of tetrameric Bl-tryptase. The activity of tetrameric Bl-tryptase was measured using S-
2288 substrate concentrations ranging from 1000 to 0.5 uM at 7 different antibody concentrations ranging from 20 nM to 0.31 nM. The velocities were fit to the
Michaelis-Menten equation using linear regression analysis (Kaleidagraph) and showed a constant Ky, and variable V,,,.x. The average Ky, value of 370 + 25 uM
was calculated and marked by a black arrow in the graph. Data were collected as triplicates and shown as the mean + SD (B) Activity of Bl-tryptase at different pH
with or without anti-tryptase antibody and aprotinin. Activity of 1 nM Bl-tryptase tetramer was measured using 1 mM S-2288 substrate in 1 ng/mL heparin at pH
6.0, 7.0 and 8.0 in the absence (green) or presence of 500 nM anti-tryptase 31A.v11 IgG4 antibody (blue). The observation that there is very little activity in the
presence of anti-tryptase and 2 pM aprotinin (red) means that tryptase is dissociated into monomers by anti-tryptase (blue), since aprotinin does not inhibit
tetramers. Data were collected as triplicates and shown as the mean + SD. The residual activity of tryptase in the presence of anti-tryptase or both aprotinin and
anti-tryptase is shown as a percentage compared to tetrameric pl-tryptase alone (green) at the corresponding pH. (C) Primary human smooth muscle cell
proliferation stimulated by PBS, recombinant Bl-tryptase (S195A) or recombinant Bl-tryptase (WT). Data is represented as mean + SD (n = 3), **p < 0.01, Student’s
t test. (D) Primary human smooth muscle cell proliferation stimulated by PBS or recombinant l-tryptase (WT) with titrated concentrations of a tryptase small
molecule inhibitor in DMSO. (E) Primary human smooth muscle cell contraction induced by PBS, recombinant Bl-tryptase (S195A) or recombinant Bl-tryptase
(WT). Data is represented as mean + SD (n = 3). *p < 0.05, Student’s t test. One representative graph of two replicate experiments shown.
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Figure S4. Generation of the Bl-TryptaseeAnti-tryptase FabeSTI Ternary Complex by SEC and Analysis of the Binding Epitope and Paratope,
Related to Figure 5

(A) Wild-type tetrameric Bl-tryptase was incubated with excess anti-tryptase Fab (humanized 31A.v11) and STl prior to SEC on a S200GL sizing columnin 10 mM
MOPS pH 6.8 with 500 mM NaCl at 0.5 mL/min. (B) The eluted peaks were analyzed by SDS-PAGE under non-reducing conditions. The arrows under the
chromatogram mark the fractions and corresponding peaks analyzed by SDS-PAGE. Fractions in Peak 1 containing all three proteins were used for crystalli-
zation. (C, D) Anti-tryptase Fab and l-tryptase monomer contact residues. (C) The paratope contact residues of anti-tryptase Fab within 4 Aof B-tryptase (white)
are shown in sticks with heavy and light chain residues colored in green and blue, respectively. The epitope on Bl-tryptase is colored violet. (D) The Bl-tryptase
monomer is depicted as a white cartoon with residues within 4 A of the Fab shown in sticks and colored violet. Catalytic triad residues (H57, D102 and S195) are
colored in teal.
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Figure S5. Development of Imnmunoassay Using an Activity-Based Probe to Measure Active Tryptase, Related to Figure 6

(A) Assay schematic for the active tryptase immunoassay using an activity-based probe (ABP). Biotinylated-ABP is added to specifically label the active tryptase.
ABP labeling is stopped by adding a tryptase small molecule inhibitor (SMI). A dissociating anti-tryptase antibody is added to disrupt any remaining tetramers into
monomers, which are then captured on an ELISA plate coated with a different anti-tryptase antibody (adding an additional level of specificity to the assay). (B) The
activity-based probe (ABP) specifically binds active tryptase. Recombinant cynomolgus monkey active tryptase was pretreated with a tryptase small molecule
inhibitor (10 uM BMS-262084) or 10 ng/mL dissociating anti-tryptase antibody (31A.v11) for 30 min prior to labeling with 10 uM biotinylated-ABP (Bio-PK-DPP
(activity-based probe 4) for 20 min. Samples were run on a 4%-12% Bis-Tris denaturing gel and visualized by western blotting with SA-HRP (top panel) to show
levels of active tryptase. Blot was stripped and re-blotted (bottom panel) with an antibody that recognizes total tryptase (AA1). (C) Standard curve for the active
tryptase immunoassay. (D) Cynomolgus monkey BAL was pretreated with 100 pg/mL dissociating anti-tryptase antibody (31A.v11) for 30 min and then run in
active tryptase immunoassay. Dotted line shows lower limit of quantification (LLOQ) for 0.078 ng/mL.
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Figure S6. Decrease in Histamine Metabolite in Urine Post-dose with Anti-tryptase Antibody, Related to Figure 7
3-Methylhistamine concentration was determined 7 days before and 3 days after Ascaris suum intranasal challenge. The urine histamine metabolite 3-meth-
ylhistamine was quantified by mass spectrometry and normalized by total protein concentration.



Cell, Volume 179

Supplemental Information

An Allosteric Anti-tryptase Antibody for the

Treatment of Mast Cell-Mediated Severe Asthma

Henry R. Maun, Janet K. Jackman, David F. Choy, Kelly M. Loyet, Tracy L.
Staton, Guiquan Jia, Amy Dressen, Jason A. Hackney, Meire Bremer, Benjamin T.
Walters, Rajesh Vij, Xiaocheng Chen, Neil N. Trivedi, Ashley Morando, Michael T.
Lipari, Yvonne Franke, Xiumin Wu, Juan Zhang, John Liu, Ping Wu, Diana Chang, Luz
D. Orozco, Erin Christensen, Manda Wong, Racquel Corpuz, Julie Q. Hang, Jeff
Lutman, Siddharth Sukumaran, Yan Wu, Savita Ubhayakar, Xiaorong Liang, Lawrence
B. Schwartz, Magda Babina, Prescott G. Woodruff, John V. Fahy, Rahul Ahuja, George
H. Caughey, Aija Kusi, Mark S. Dennis, Charles Eigenbrot, Daniel Kirchhofer, Cary D.
Austin, Lawren C. Wu, James T. Koerber, Wyne P. Lee, Brian L. Yaspan, Kathila R.
Alatsis, Joseph R. Arron, Robert A. Lazarus, and Tangsheng Yi



Supplemental Tables

Table S1. Characteristics of EXTRA subjects by active tryptase allele count (related to Figure
3).

lor2 3or4 P-value
n 133 176
Age (years) 46 [33,56] 48 [36,56] 0.34
Sex [F/M](n/%) | 89(66.9%)/44(33.1%) 114(64.8%)/62(35.2%)  0.72
Oral CS [N/Y](n/%) |  125(94%)/8(6%)  164(93.2%)/12(6.8%)  0.82
FEV,% predicted 69 [59,75] 67 [55,77] 0.61
BMI (£9) 31 [27,35] 31 [26,36] 0.75
Body Weight (kg) 86 [75,100] 87 [75,102] 0.93
Current Smoker [N/Y](n/%) | 131(98.5%)/2(1.5%)  171(97.2%)/5(2.8%) 0.7
No of Exacerbations in Previous Year 1[1,2] 1[1,3] 0.76
Daily Rescue Medication Use (# of puffs) 3.1 [1.9,5.4] 3.2 [1.7,5.3] 0.82
Total Asthma Symptom Score 3.8 [2.7,5.1] 3.7 [2.3,5.1] 0.71
AQLQ(S) 4[3,5] 4[3,5] 0.64
History of Asthma (years) 23 [14,35] 22 [12,36] 0.85
Dose (mg) 300 [225,300] 300 [225,300] 0.19
Serum IgE (IU/mL) 138 [71,252] 139 [72,246] 0.99
FEno (ppB) 18 [10,32] 17 [12,28] 0.92
Blood Eosinophils (x107 /L) 260 [150,440] 260 [155,400] 0.57
Serum Periostin (ng/mL) 48 [41,61] 47 [40,56] 0.72

Table of Characteristics of EXTRA Subjects by Active Tryptase Allele Count at Baseline. Continuous data are summarized as median
[1st quartile, 3rd quartile]. Categorical data is summarized as the counts (and percent of total) of each level (as indicated in table margins). P-values
are calculated as differences in medians (Krukal-Wallis rank sum test) or contingency testing of categorical variables (Fisher’s Exact Test).



Table S2. Summary of anti-tryptase inhibitory antibodies (related to Figure 4).

Antbody  Speciest  iiBMonot | Cynomoigus
(ICs0, NM) cross-reactivity
E3 Rabbit 6.9 +
E82 Rabbit 4.4 -
E86 Rabbit 27 -
E88 Rabbit 2.8 +
E104 Rabbit 0.1 +
31A Mouse 2.0 +
B2 Mouse 5.2 -
F7 Mouse 17 +
G10 Mouse 70 +
H1 phatgjan?iirr]ary 30 ¥

aSource of antibodies purified from representative hybridomas generated during the tryptase
immunization campaign or by phage display against human B-tryptase.

®Tryptase enzymatic activity was determined by measuring the ODaos nm/min with chromogenic peptide S-
2288 as described in the methods. ICso values were determined by fitting the rates to a four-parameter fit
as described in methods.



Table S3. Inhibition of tryptase enzymatic activity (ICso) and tryptase binding affinity (Kp) of
humanized anti-tryptase variants derived from clone 31A (related to Figure 4).

Inhibition of Binding of human
Antibody tryptase activity® Bl-tryptase®
(ICs0, NM) (Kp, nM)
31A 12.6 25
31A.v1 10.4 -
31A.v2 1.33 -
31A.v3 1.34 -
31A.v4 234 -
31A.v5 4.11 -
31A.v6 3.29 -
31AV7 6.71 -
31A.v8 1.41 -
31A.v9 1.33 -
31A.v10 2.96 -
31A.v11 0.36 0.27
31A.v12 0.37 -
31A.v13 204 -
31A.v14 1.85 -
31A.v15 1.87 -

@Tryptase enzymatic activity was determined by measuring the ODao5 nm/min with chromogenic peptide S-
2288 as described in the methods. ICso values were determined by fitting the rates to a four-parameter fit
as described in the methods.

PBiacore analysis of kinetic parameters to generate Kp values for binding to human pl-tryptase was only
carried out for the parent antibody 31A and anti-tryptase (31A.v11).



Table S4. Assessment of altered substrate specificity in the presence of 31A.v11 1gG4 with
different chromogenic p-nitroanilide (pNA) peptide substrates?® (related to Figure 4).

pNA P4 P3 P2 | P1 Activity Activity +
Substrate (MODaos/min) 31A.v11
+ SD (n=3) | (MODa4gs/min)
+ SD (n=3)
S-2366 - pyroGilu Pro | Arg 38.43 £ 0.50 0.79 £0.03
S-2288 - D-lle Pro | Arg 29.75+0.14 | 0.64 £0.02
S-2222 Bz-lle- Glu (y-OR) | Gly | Arg 12.38+1.10 | 0.06 +0.04
S-2266 - D-Val Leu | Arg 7.05+0.13 0.04 £ 0.00
S-2302 - D-Pro Phe | Arg 1.08 + 0.01 0.10 £ 0.00
S-2765 - Z-D-Arg | Gly | Arg 0.44 £ 0.00 0.06 £ 0.01
MeOSucAAPV® | MeOSuc-Ala Ala Pro | Val 0.00 £0.00 0.00 £ 0.00
SucAAPF® Suc-Ala Ala Pro | Phe 0.00 £ 0.00 0.00 £ 0.00

@Assay conditions: 1 nM tryptase tetramer + 1 mM substrate in 10 pg/mL heparin, 50 mM Tris pH 7.5, 150

mM NaCl, £ 500 nM 31A.v11 1gG4 (30 min incubation before addition of substrate).
®These assays were carried out as above, but contained 40 nM tryptase tetramer.




PDB accession
Data reduction
X-ray source
Wavelength (A)
Resolution range (A)
Space group

Unit cell edges (A)
Unit cell angles (°)
Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(l)
Wilson B-factor (A?)
R-symm

Refinement

Refs for R-free

R-work

R-free

Number non-H atoms
macromolecules
ethylene glycol
water

Protein residues

RMS(bonds)

RMS(angles)

Rama favored (%)

Ave. B-factor (A?)
macromolecules
ethylene glycol
solvent

Table S5. Summary of X-ray data collection and model refinement for the pl-tryptase-anti-
tryptase Fab+STI ternary complex?® (related to Figure 5).

601F

ALS 5.0.2

0.97395

31.48-2.15 (2.226 -2.149)
P6,22

128.52 128.52 245.88
9090 120

308799

65702 (6404)

4.7 (4.8)

99.8 (100)

14.2 (2.3)

37.02

0.086 (0.681)

1996
0.190
0.233
7057
6608

441
850
0.010
1.1
97
45.7
45.6
59.7
47 1

2anti-tryptase Fab refers to humanized Fab 31A.v11.



Data S1: Consensus sequence from alignment of TPSB2, TPSAB1, and TPSD1 genes (related to STAR METHODS).
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826
826
816

CGCAGCGCACTGCGTGGGACCGTGAGTCTCCCGGGGCCTGGAGGGGTGGGGAAGGGCTGGATGTGAGCCCTGGCTCCCGGGTGCTCCTGGGGGCTGCCCAGGGCCCTGAGTGGGATCC
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TCCGCTGCCCAGGGACGTCAAGGATCTGGCCGCCCTCAGGGTGCAACTGCGGGAGCAGCACCTCTACTACCAGGACCAGCTGCTGCCGGTCAGCAGGATCATCGTGCACCCACAGTTC
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CCCCCACCCCAGGGGTTTGGAGAGTCCCTTAGCACCTCCGTGCCTCGGTTTCCCCTTGCCTGAAAGGGTGCATCAAAAGTTTGTACGTCACGGACTTGCTATGTGGAGAGAGAAATCA 1416
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CACGGGGGTCTTGCTGGAAGGAGAGAGACCGGTGCTGGGATGAGACCTGCCTGCCCTCCATCCCTGTGCTACAGACAAGGCAGGGGCCTGGGAATCGGGGTCGTGGCAGTGCTGTGGG 1534

CACGGGGGTCTTGCTGGAAGGAGAGAGACCGGTGCTGGGATGAGACCTGCCTGCCCTCCATCCCTGTGCTACAGACAAGGCAGGGGCCTGGGAATCGGGGTCGTGGCAGTGCTGTGGG

GGGCTGGACGAAGCTCACTGTGGCCCTCCACGAGGCACATTTTCACTTCTAGAAGGTCTTGTCCCCATTTTATCCACAATTCAGAGCAAAGCTTTGGGGTACAGCCTGAGCGGCAA 1652
-------------------------------------------------------------------------------------------------------------------- 1157
-------------------------------------------------------------------------------------------------------------------- 1147
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CCCCATCCTGAGCCCCTCCCCCACC
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CCCCATCCTGAGCCCCTCCCCCACTCTGAGCCCCTTCCCCTGTCCTGAGGACCCTTCCCCATCCTGAGCCCCCTTCCCTGTCCTAAGTCCCTCCTCCATCCTGAGCCCCCTCCCCTTT

CTTGAGTCCCTCCTCCATCCTGAGCCCCCTCCCCTTTCTTGAGCCCCTCCTCCATCCTGAGCCCCCTCCTCCATCCTGCCCCCTCCTCCATCCTGAGCCTCCTCCCCAAC AT C 2949
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ACGTGACCTCTGCCTCTGCAGCCCCTGAAGGCCCATCCCTCGGCTCCTGTTCTGCAGGCCCAGCGTCTTGTTAATGAAGATGGACCTGGAACTCGGGCCCTTCTTCCTCCCTCTGGCC

CATCCCACCTTCTAGGGATCACAGAGACAGCACGGGGTGACCCCCAGGGAACACTGAGCCCCTAGAAGCACTTCCACACGCCCACTG 3113

CATCCCACCTTCTAGGGATCACAGAGACAGCACGGGGTGACCCCCAGGGAACACTGAGCCCCTAGAAGCACTTCCACACGCCCACTG
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Subsequent to publication, the authors identified an error in the originally published version of this article. Figure 1C presents bron-
choalveolar lavage (BAL) tryptase levels in mild asthma patients stratified by blood eosinophil levels. We inadvertently inserted the
dot plot of BAL tryptase levels stratified by blood periostin levels (another type 2 biomarker) and now have replaced it with the correct
analysis plot in the article online. The correct plot of tryptase levels stratified by blood periostin levels is in Figure S1B. Both plots
exhibit similar trends, fold differences, and statistical significance, thus the overall results, conclusions, and wording of the text
remain unchanged. The authors apologize for this error.
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Figure 1C. Elevated Total Tryptase in Severe Asthma Patients Independent of Type 2 Inflammation (corrected)
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Figure 1C. Elevated Total Tryptase in Severe Asthma Patients Independent of Type 2 Inflammation (original)
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