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Summary
A fungal protease (AlpBsp f13) from Aspergillus fumigatus was detected in the airways of

subjects with asthma but not controls, which cates strongly with disease severity, respiratory
dysfunction, and steroid use.
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Abbreviations used

Aspergillus fumigatus (Af); Alkaline protease 1 (Alpl) severe asthma withginsensitization
(SAFS), airway hyperresponsiveness (AHR), allefgienchopulmonary aspergillosis (ABPA),
extracellular matrix (ECM), immunohistochemistryH@), bronchoalveolar lavage fluid

(BALF), inhaled corticosteroid (ICS), Global Initiee for Asthma (GINA); short acting-

agonist (SABA); long actinf-agonist (LABA).

To the Editor:

Although fungi are ubiquitous in the environmentl aespiratory exposure to airborne spores
occurs on a daily basis, sensitization and disdageto such exposure is relatively infrequent.
Aspergillus fumigatus (Af) has been linked to severe, uncontrolled asthmpotantially unique
phenotype, termed “severe asthma with fungal seasdn” (SAFS) is thought to describe
approximately 20-25% of individuals with unconteml] persistent diseaSePreviously, we
detected a known allergen serine protease #hnilkaline protease 1 (Alpl), in the bronchial

submucosa of subjects with mild/moderate asthmanbtithealthy controls and in allergen-
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challenged but not naive mitewWe determined that Alpl disrupted airway smoothscie
(ASM)-extracellular matrix (ECM) interactions thrgiu its protease activity, which augmented
Cd" signaling and RhoA activation. Based on theseahifindings, we hypothesized that: 1)
Alp1 protease contributes the pathogenesis of asthraome patients; 2) Alpl abundance in the
airways correlates with disease severity.

To further delineate the role of Alpl in tosver respiratory tract in asthma, we evaluated
Alpl immunoreactivity in airway sections from 36tlamatics and 10 healthy controls and in
induced sputum supernatants from another 29 asitsnaind 10 healthy controls. The
demographics of these subjects are described ile§dbl and EZn this Letter's Online
Repository. There were an approximately equal number of featedle subjects, and the median
age was 34 years (range 18-68 years). The groupseitere asthma was significantly older than
the healthy control group (median age 49, rang&2@ears;p=0.01). Subjects with asthma
were classified as mild/moderate or severe base@IbiA criteria. Immunostaining of airway
sections with anti-Alp 1 antisera detected Alpl mmoreactivity in bronchial smooth muscle
bundles of lungs of subjects with asthma but ndtealthy subjects, and Alp1 quantities in the
bronchial smooth muscle layer increased progrelysmh asthma severityHigure 1A-B).
Little to no staining of was observed when airwagt®ns from subjects with severe asthma
were incubated with non-specific rabbit antisdfgre E1). Surprisingly, Alpl abundance was
roughly equivalent in patients with and without siéimity to Af (Figure 1C). We also observed
similar patterns of Alpl staining within the bromahepithelium Figure E2).

Alpl immunoreactivity in ASM negatively correlatedith pre-bronchodilator FEV
(analysis of the cohort as a whole or restrictedthi® asthma group only) and RBQthe

provocative concentration of inhaled methacholm#ucing a 20% decrease in FBE\(Figure
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2A-B). Alpl immunostaining in airways from patientse®ing short or long actinfj-agonists
only (SABA/LABA, respectively) was significantly$s than in the airways of patients requiring
LABA plus inhaled corticosteroids (ICS), and Alptiamtities correlated with ICS requirement
(fluticasone equivalent dosdjigure 2C-D).

Because we previously detected Alpl in bhoatveolar lavage fluid (BALF) ofAf
sensitized and challenged mice, but not naive nigeémmunoblotting, we determined whether
it could also be measured non-invasively in spuftom human subjects by immunoblotting.
We detected a ~33 kDa band corresponding to thegse purified from commerciAf allergen
extracts or from supernatants Aff cultures Figure E3A left panel). In sputum samples from
subjects with asthma, but not healthy controls,oliserved a additional band at ~42-45 kDa,
potentially representing an unprocessed prectirasrdetection of either band was strongly
reduced or eliminated when blots were incubateth Wipl antibody preadsorbed with antigen
(Figure E3A right panel). This band was present only in sputum from subjedth asthma but
not controls Figure E3B). To determine whether Alpl quantities in induspditum correlated
with disease severity, we generated a standarcedemged on quantitative immunoblotting of
defined amounts of purified AlplFigure E4A). However, Alpl quantities were similar in
sputum from patients with mild/moderate and sewastama Figure E3B). Alpl quantities were
significantly higher in sputum from patients with sensitivity than those without, regardless of
clinical severity Figure E4C). Alpl levels were also significantly correlatedtiwsputum
neutrophil, but not eosinophil countSigure E4D and data not shown). We did not detect Alpl
in sera from healthy subjects or patients with msthCollectively, these results suggest that

Alpl protease may contribute to severe asthma ¢ffirotwo distinct mechanisms: 1)
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allergenicity; and 2) proteolytic destruction ofnu tissue, which could promote influx of
neutrophils into the airway lumen.

Several observations support a pathogemtribation of fungal colonization of the airways
to severe asthma. Chronic fungal exposure is lingesthma exacerbations in both children and
adults? In experimental models of asthma in mice, chraepiratory inoculation with fungi
induces a more severe asthma phenotype than iidmalztt other allergens such as house dust
mite (HDM) through IL-33-dependent yet steroid-ipdadent mechanismsAlp1 is the major
serine protease secreted Ay and serine proteinase activity is crucial Afrto induce allergic
airway inflammation and AHR.’ Here we found equivalent Alpl quantities in thenalys
regardless oAf sensitivity and no correlation between sputum Adptl eosinophils, suggesting
that an IgE/type 2 responseAbis not strictly required for the pathogenicityAlip1 in asthma.
Fungal protease allergens may exert direct pathogsfects on epithelial barrier function by
disrupting cell-cell junctions, inducing cytoskeletearrangements, and promoting cytokine (e.g.
IL-8) secretiort’ ® Alp1 in sputum correlated well with sputum neutri®, suggesting that it
might increase epithelial secretion of neutrophiémoattractants and thereby actively promote
neutrophil migration to the airway lumen.

Alpl may persist in the airways of patiewith severe asthma due to impaired mucociliary
clearance mechanisms, i.e. asthma-induced alteratib epithelium morphology and/or
corticosteroid use. Alpl also activates mucin gexgression in airway epithelial cells, which
could further impede fungal clearance. Becausestudy was retrospective and cross-sectional,
we could not address the utility of Alpl measuretseilo evaluate longitudinal parameters
including disease control and progression, or nese® to specific treatments. However, Alpl

could be explored as a biomarker for endotype ifleason and/or surrogate for assessment of
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therapeutic interventions as it is easily idendifia the airways from subjects with asthma but is
virtually undetectable in samples from healthy colst and it strongly correlates with hard
functional endpoints (FEV1, Bg).
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FIGURE LEGENDS

Figure 1 Alpl is present in human airways and corrkates with asthma severity. (A)Airway
sections were immunostained with anti-AlplAb (reemative images from 10-21
subjects/group (original magnification, 40x, bar3b8). Arrows delineate smooth muscle areas.
(B-C) Alpl staining in ASM increases with asthma sevefBy but not sensitivity toAf (C).
Quantified using ImageJ and represented as ‘Al3M per total ASM area. (A) p=0.04,

% p<0.0001, one way ANOVA. (B)********* p=0.01; 0.004; 0.0008; <0.0001, Kruskal
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Wallis.

Figure 2 Alpl immunostaining in ASM correlates withlung functional impairment. (A-C)
Correlation between Alpl staining and Hp¥e-bronchodilator (BD) in the entire cohort (A) or
among subjects with asthma (B); Alpl correlationtween Log(PGFEV;) (C). Alpl
immunostaining in airways of subjects with asthneatied with ICS or SABA/LABA (p=0.03,
Mann-Whitney). (D) Correlation between Alpl staiminn airways and ICS requirement

[Log(fluticasone equivalent)].

REFERENCES

1. Denning DW, Pashley C, Hartl D, Wardlaw A, Go@etDel Giacco S, et al. Fungal
allergy in asthma-state of the art and researcisi€dlin Transl Allergy 2014; 4:14.

2. Balenga NA, Klichinsky M, Xie Z, Chan EC, Zhaq BMude J, et al. A fungal protease
allergen provokes airway hyper-responsivenesstimas Nat Commun 2015; 6:6763.

3. Behnsen J, Lessing F, Schindler S, Wartenbed@énbsen ID, Thoen M, et al. Secreted
Aspergillus fumigatus protease Alpl degrades huocoanplement proteins C3, C4, and
C5. Infect Immun 2010; 78:3585-94.

4. Agarwal R. Severe asthma with fungal sensibratCurr Allergy Asthma Rep 2011;
11:403-13.

5. Castanhinha S, Sherburn R, Walker S, Gupta AsiByg CJ, Buckley J, et al. Pediatric
severe asthma with fungal sensitization is medibtesteroid-resistant IL-33. J Allergy
Clin Immunol 2015; 136:312-22 e7.

6. Namvar S, Warn P, Farnell E, Bromley M, FrackklBowyer P, et al. Aspergillus
fumigatus proteases, Asp f 5 and Asp f 13, arengisgdéor airway inflammation and
remodelling in a murine inhalation model. Clin EXlpergy 2015; 45:982-93.

7. Millien VO, Lu W, Shaw J, Yuan X, Mak G, Robeltset al. Cleavage of fibrinogen by
proteinases elicits allergic responses through-lil@lreceptor 4. Science 2013; 341:792-
6.

8. Kauffman HF, Tomee JF, van de Riet MA, TimmermdnBorger P. Protease-
dependent activation of epithelial cells by fungléérgens leads to morphologic changes
and cytokine production. J Allergy Clin Immunol 2005:1185-93.

9. Borger P, Koeter GH, Timmerman JA, Vellenga &n€e JF, Kauffman HF. Proteases
from Aspergillus fumigatus induce interleukin (IB)and IL-8 production in airway
epithelial cell lines by transcriptional mechanishénfect Dis 1999; 180:1267-74.



ACCEPTED MANUSCRIPT

Figure1 A

,:r;-iry';«;, LA
P y f

'&‘7,,/'/’/) Sy
ol AN/

Stz 4 V') Aoy
/ W7 1 e
7 £ 1,75 / AT
control - S PTG PR
TEres s -
7 Y% o &
¥ / KT
5 3

ot 7 NG
P

ML | ;f? ﬂvr
47 7‘;:‘5{}73' ¢




ACCEPTED MANUSCRIPT

Figure 1 cont.

WSV [e103/

WSV [ejoy
a|punq WSy ui Ldiy




Figure 2

, A=0.2626 o F=0.1575 10 r=02892
1. o p=0.0003 M. o p=0.0165 ! p=0.0022
. .
7 os . 2 oa > 08 .
< < < . . .
" 0. T 0.6 ® 0.6
1 2 1 ‘s
f o - 0.4 - 04 '
a2 -~ 2 2 .
< o ce o < 02 . < 02 .
o' . . '
..
0.04 0.0+ o004
25 50 75 100 125 25 50 75 100 125 45 1.0 05 00 05 10 15
FEV, preBD (%) FEV, preBD (%) Log[PC,,FEV,] (mg mL" MCh)
» r=0.5744
.
. p<0.001 s .
0.8
3 g
= 0.6
. 3
§ <
= ;g_ 0.4
<
0.2
. 3
0.0
25 3.0 3.5

Log[Fluticasone equivalent]



ONLINE DATA REPOSITORY

MATERIALS AND METHODS

Immunohistochemistry and immunoblotting

De-identified human airway specimens, induced sputsera, and clinical parameters were
obtained by the Respiratory Health Network TissaelBof the Fonds de recherche du Québec —
Santé, IUCPQ site (www.tissuebank.ca). The IUCPRIcEtCommittee approved the collection
of tissue samples by the Tissue Bank and theifarshese studies. Research Ethics Committees
of the IUCPQ approved the biobank (#1200) and thee for this study (#20965). Written,
informed consent was obtained from all subjects.ubj&ts were classified as having
mild/moderate or severe asthma based on critetédbleshed by GINA and further categorized
by skin prick sensitivity to a panel of aeroallargeincluding Aspergillus fumigatus. Lung
sections were deparaffinized and incubated wittmabrabbit serum (ThermoFisher Scientific)
or anti-Alp 1 rabbit antisera (1:1500) followed 8y8-Diaminobenzidine (DAB)-based detection
and haematoxylin counterstaining as described pusly. Images of sections were obtained
with a Leica DMI4000 B microscope equipped with etiBa 200R camera (QImaging, Canada)
and acquired with Image-pro Plus software. The afeAlpl positive staining was measured
using Image J software containing the ‘Color Deaduation’ plug-in to differentiate
haematoxylin and DAB staining. The DARrea was normalized to the total ASM area in each
field. The process was repeated to determine Apihiag outside of the ASM bundle (epithelial
staining) and in the entire image (ASM and epitileditaining). Values for each patient were
measured by taking the average of staining fourtdianregions of ASM within the same airway
section. To detect Alpl by immunoblotting of inddceputum supernatants, we separated

proteins on NUPAGE Novex 12% Bis-Tris protein gé€lfiermoFisher Scientific) in MOPS



buffer before transfer to a nitrocellulose and jpmglwith anti-Alpl polyclonal antisera and near
infrared-conjugated anti-rabbit IgG as describedvjmusly. Images were obtained with the

LiCor Oydssey Classic Imaging System and analyzéud wage Studio Software (Li-Cor).

Alp1 purification and extraction

Alpl protease was isolated from commercial alleigentracts (Jubilant Hollister-Stier) exactly
as described previouslyAf strain B-5233 was isolated from a patient with Ifdtevasive
aspergillosis. To obtain conidial suspensions,Ahstrain was cultured oAspergillus minimal
agar for 7 days at 37°C, as described previou3lye. conidia were harvested in 0.01% Tween
20-phosphate-buffered saline (PBS) (T/P), colletigdiltering through a sterile BD Falcon 40-
um-pore-size cell strainer (BD Biosciences), andhedswith sterile distilled water. The conidia
were inoculated in liquid yeast glucose (YG) bratha final concentration of 1 x 4@onidia/50

ml and incubated on a rotary shaker at 200 rpnd&h at 37°C. Secreted and excreted proteins
were collected as described previously. Brieflye tulture filtrates were collected by filtering
through Miracloth (Calbiochem). The supernatant eastrifuged at 12,000 g for 30 minutes

at 4°C. Secreted proteins were then precipitatethéwaddition of 10% (w/v) trichloroacetic acid
(TCA) for 12 hours at 4C. After centrifugation for 45 minutes at 17,000gxat 4C, the
supernatant was removed and the pellet was ringied tvith 90% ice-cold acetone containing
0.07% (v/v) 2-mercaptoethanol at 17,009 at £C for 15 minutes. The pellet was air-dried for
five minutes at room temperature, resuspendeddiviramunoprecipitation (RIPA) lysis buffer
supplemented with protease inhibitors and incubfiedne hour at %€. After centrifugation at

20,000 xg for 30 min, the supernatant was collected.



Statistical Analysis

All data analyses were performed by using Graph®&m, version 7.0 (GraphPad Software).
Statistical significance between human lung samples determined using parametric or
nonparametric one-way analysis of variance depgndm normality of variances and sample
size and multiple comparisons correction testinggi®unn’s method. Statistical significance

was defined as pvalue of< 0.05 (two-tailed).
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ONLINE FIGURE LEGENDS

Figure E1 Specificity of anti-Alpl antisera.Lung sections from a subject with severe asthma
were immunostained with rabbit serum or anti-Alpftisera as indicated. Images are

representative of airways from two subjects/group.

Figure E2 Alpl immunostaining in bronchial epithelum correlates with asthma severity.
Representative images of epithelial Alpl immunastey in bronchial epithelium (red arrows).
(B) Alp1l epithelial staining correlates with asthseverity (B) but not sensitivity tA. fumigatus
(C). (B) *p=0.04, ****p<0.0001, one way ANOVA (C) *<0.009, ***p=0.001, Kruskal

Wallis.

Figure E3 Alpl detection in induced sputum.(A) Reactivity of native Alpl antibody (left



panel) or antibody preadsorbed with purified Alpdgt{t panel) prior to immunoblotting
membranes containing supernatantsAoffumigatus cultures (Af”) or purified Alpl. Bands
corresponding to the putative full length Alpl aintng its autoinhibitory domain (~45 kDa)
and the mature, cleaved protease (~33 kDa) argradsd by the arrows. (B) Representative
immunoblots of sputum (2@/lane) samples from the indicated groups probeth whlpl
antibody. Secreted supernatants fraspergillus cultures (‘Af”) were run as positive controls for

antibody staining.

Figure E4 Induced sputum Alpl correlates with asthra and Af sensitivity. (A) A standard
curve was generated by immunoblotting known amoohpaurified Alpl. Optical density values
were obtained using ImageStudio software (LICOMC) Alpl levels in sputum samples
interpolated from standard curvep=0.03, **p=0.002, Mann Whitney. (D) Correlation between

Alp1 levels and neutrophils (% total cells) in sput



Table E1 - Clinical characteristics of 48 subjecta/ho provided bronchial biopsy specimens

Number

Age®

BMI*
Male/Female
Never/current/ex-
smokers

Atopy®

+ Af skin prick®
Blood eos (x181)°
Serum IgE (1U)’
FEV,

(% predicted)®
PC,FEV,
(mg/mL)*

BD response (%)*

Inhaled
Corticosteroids®

Controls

10
23(19-35)
22.84(4.85)
3.7
7/0/3

0(0)

0(0)
0.059(0.002)

<5
102(88-111)

>16

-2(0)
0

Mild/Moderate

Mild/Moderate

Asthma Asthma (no Af
(no Af (Af sensitivity) sensitivity)
sensitivity)
10 11 10
42.5(18-61) 28.5(20-53) 55.5(30-68)
25.59(1.59) 25.79(1.12) 30.45(1.77)
6:4 6:5 4:6
3/3/4 10/0/1 5/0/5
0(0) 10(83.3) 4(40)
0(0) 11(100) 0(0)
0.14(0.05) 0.38(0.06) 0.04(0.02)
22# 637(26.5) 185(106)
83.5(53-126) 88(71-115) 62(30-95)
2.2(1.1-4.4) 0.7(0.31-1.56) 0.30(-0.43-
2.16)
11.63(4.49) 9.4(6.5) 7.9(3.22)
5(250-500) 5(250-1000) 10(1000-2750)

Severe Asthma Severe Asthma

(Af sensitivity)

5

37420
32.51(4.49)

4:1
3/0/2

6(100)
5(100)

MAE)

269(215)

79(68)
0.16'

3(1.14)
5(750-2500)

Af: Aspergillus fumigatus; BD: bronchodilator; FEY. forced expiratory volume in 1 second; g&EV,: provocative
concentration of methacholine to induce a 20% desgén FEY

8Median (range)
*Mean (+ s.e.m)

®Number of subjects (%)
< Geometric mean (95% Cfljyalue only available for one subject.
zNumber of subjects (range equivalent of fluticasayy)



Table E2 — Clinical characteristics of 39 subjecta/ho provided induced sputum
supernatants

Controls Mild/Moderate Mild/Moderate  Severe Asthma Severe
Asthma Asthma (no Af Asthma
(no Af (Af sensitivity) sensitivity) (Af
sensitivity) sensitivity)
Number 10 7 7 8 7
Age® 36.8(21-66) 44.1(18-61) 64.1(51-78) 47.8(25-71) 4623-79)
BMI* 28.23(1.59) 30.64(2.63) 25.37(1.45) 28.40(1.24) 30.64(1.98)
Male/Female 6:4 5:2 4:3 4:4 2:5
Never/current/ex- 8/0/2 2/2/3 3/2/2 3/0/5 3/0/4
smokers
Atopy® 9(90) 7(100) 5(71.43) 6(75) 7(100)
+ Af skin prick® 3(30) 0(0) 7(100) 0(0) 7(100)
Sputum eos (%) 3.1(2.6) 2.8(0.7) 10.96(7.2) 2.2(1.12) 13.1(6.2)
Sputum neutros (%) 30.8(6.4) 48.9(7.7) 60(9.97) 52.7(9.1) 45.7(8.6)
FEV, 103.6(92-132) 75.6(47-100) 68.1(33-82) 77.7(57-104) 70.0(51-82)
(% predicted)®
PC,FEV; (mg/mL)* >16 2.31 0.11 5.29(3.67-7.06) N/A
BD response (%)* -2.3(1.86) 6.7(3.70) 3.4(2.38) 7.2(2.47) 6.4(2.58)
Inhaled 0(0) 7(250-500) 7(250-500) 8(1000-3000) 7(1000-1750)

Corticosteroids’

Af: Aspergillus fumigatus;, BD: bronchodilator; FEY. forced expiratory volume in 1 second; FEEV;: provocative
concentration of methacholine to induce a 20% desgeén FEY

8Mean (range)

*Mean (x s.e.m)

®Number of subjects (%)

«+*Geometric mean (95% ClI)

N/A (not available)

zNumber of subjects (range equivalent of flutica&spug)
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