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prescriptions of oral-corticosteroid therapy within a year was
associated with significantly greater odds of adverse effects for
osteoporosis, fractures, gastrointestinal ulcers/bleeds, cataracts,
obesity, type 2 diabetes, and hypertension (odds, 1.21-1.44
depending on the adverse effects). Each prescription might result
in a cumulative burden on current and future health regardless of
dose and duration, which signify the need for careful and accurate
prescription of corticosteroids in CRSwNP management.

It is thus important to develop useful methods for identifying
distinct endotypes of CRSwNP and predicting responses to
oral-corticosteroid therapy. To this aim, we previously reported
that the NP neutrophilia impaired oral-corticosteroid sensitivity
of patients with CRSwNP,9 but the key factor determining
oral-corticosteroid sensitivity remains elusive. In this study, we
further identified the correlation of oral-corticosteroid sensitivity
and predictive biomarkers in CRSwNP oral-corticosteroid
therapy. All data indicated that the NP tissue IL-25 level, and to
a certain extent, serum IL-25 level, can be used for predicting
the clinical efficacy of oral-corticosteroid sensitivity in patients
with CRSwNP, which might expand our understanding on
CRSwNP endotypes and contribute to the basis of personalized
treatment for CRSwNP. In addition, the use of NP tissue IL-25
level as a biomarker may also enhance the quality of life of
nonsensitive patients whereby it shortens the time frame to
receive the appropriate treatment by at least 14 days while
preventing unnecessary steroid usage and side effects mentioned.
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Biphasic activation of complement
and fibrinolysis during the human
nasal allergic response
To the Editor:
The interlinked pathways of complement activation,

coagulation, fibrinolysis, and fibrosis contribute to numerous
respiratory diseases.1-4 Multiple proteases, including mast cell
tryptase released in the allergic reaction, have been documented
to activate complement.5 In an extensive gene expression
analysis, we recently observed changes in complement factors
in mucosal curettage samples following nasal allergen challenge
(NAC).6 Although complement activation has been reported in
response to allergen,7 it has hitherto not been characterized as a
detailed in vivo kinetic response. We therefore investigated the
kinetics of allergen-induced activation of the complement and
coagulation cascades in nasal mucosal lining fluid.

The NAC protocol, demographic characteristics, and clinical
response to challenge are summarized in the Results section and
Fig E1 in this article’s Online Repository at www.jacionline.org.
Two phases of the allergic response have been described: the early
allergic reaction (EAR, between 0 and 2 hours post-NAC) and the
late allergic reaction (LAR, >2 hours post-NAC).6 Levels of
prostaglandin-D2 (PGD2) rose rapidly, peaking at 5 minutes
in the EAR and returned to baseline by 1 hour post-NAC
(Fig 1, A), probably resulting from mast cell activation; these
kinetics closely match a previous observation of b-tryptase
release by mast cells.8 Levels of the activated complement
components C3a, C4a, and C5a peaked at 30 to 45 minutes,
with a second peak observed at 480 minutes (Fig 1, A). All data
in Fig 1 are presented in full in Fig E2 in this article’s Online
Repository at www.jacionline.org. The 30-45 minute peak of
complement activation was universal among volunteers, where
such early peaks likely represent activation of complement
preexistent in the airway. In contrast, the second peak was clearly
evident only in some volunteers. Matrix metalloprotease 9
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FIG 1. Mast cell degranulation, type II inflammation, complement activation, and fibrinolysis following

NAC. Following NAC, nasosorption was used to measure the levels of inflammatory mediators: (A) PGD2 in

the first hour and the active complement components C3a, C4a, and C5a over the 8-hour time series. In addi-

tion, levels of (B) IL-5, IL-9, and MMP9 are shown over 8 hours. C, D-dimer and u-PA levels post-NAC. Data

are represented as medians (n 5 15). See Fig E2 for statistical analyses. MMP9, Matrix metalloprotease 9.
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(MMP9) and the type II mediators IL-5 and IL-9 were signifi-
cantly elevated in the LAR, peaking at 480 minutes (Fig 1, B).
Because complement can activate the coagulation cascade, we

measured mucosal levels of coagulation factors. We observed
high levels of tissue factor (TF) using a TF-dependent thrombin
generation assay, but levels were unaltered by NAC (see Fig E3,
A, in this article’s Online Repository at www.jacionline.org).
These data suggested that coagulation can occur in the upper
airway without the need for local TF production post-NAC.
Levels of intermediates of coagulation were below detection
limits (see the Results section).

Coagulation generates fibrin that is cleared by fibrinolysis,
resulting in the formation of fibrin degradation products including
D-dimer. Strikingly, D-dimer levels also increased in a biphasic
manner, reminiscent of complement components, with peaks
observed at 45 and 480 minutes after NAC (Fig 1,C). Similarly to
complement, late-phase D-dimer elevation was evident in
only approximately 50% of participants. Fibrinolysis is
plasmin-dependent and the plasminogen activation cascade has
been associated with asthma and allergies,1-3 but no significant
increases in tissue-type plasminogen activator nor plasminogen
activator inhibitor 1 activity were observed (data not shown). In
contrast, levels of urokinase-type plasminogen activator (u-PA)
increased during the LAR (Fig 1, C; see Fig E2, I, in this article’s
Online Repository at www.jacionline.org).

A correlation matrix was established to determine the
interrelation between markers of mast cell activation, comple-
ment activation, type II inflammation, and fibrinolysis during the
EAR and LAR. The matrix analyzed area under the curve values
of the induction of mediators over the EAR and LAR (Fig 2, A).
The P values and Spearman R scores of this matrix are listed in
Tables E1 and E2, respectively, in this article’s Online Repository
at www.jacionline.org.
Interestingly, EARPGD2 levels, ameasure ofmast cell activation,

did not correlate with any LAR response, including type II
inflammation. However, PGD2 and early C5a levels were
significantly associated (P 5 .04; Fig 2, A). Trends were observed
between C5a and D-dimer levels, in both the EAR and LAR
(P 5 .12 and P 5 .07, respectively). LAR levels of C5a correlated
with u-PA and IL-5 (P 5 .0009 and P 5 .007, respectively; Fig 2,
A). In addition, a strong correlation was observed between IL-5
and D-dimer (P5 .003, Fig 2, A). These results suggested that com-
plement activation in the EARwas coupledwithmast cell activation,
whereas a second wave of complement activation and fibrinolysis in
the LAR was associated with u-PA and type II inflammation.
This study details the kinetics of complement activation and

fibrinolysis in the upper airway following NAC, extending a
previous report of gene expression.6 Validation of nasosorption
and biomarker assessment will be required in patients with
allergic rhinitis in the context of natural seasonal exposure. This
will establish whether these nasal mucosal biomarkers are useful
in diagnosis, stratification, and monitoring in patients with
allergic rhinitis. Early complement activation is in line with
cleavage by mast cell tryptase,5 whereas in the LAR, associations
between C5a, IL-5, u-PA, and D-dimer suggest that
complement activation may be a component of type II
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FIG 2. Distinct phases of complement activation and fibrinolysis are associated with the EARs and LARs.

A, Correlation matrix of the induction of each mediator over the early (0-2 hours) and late (3-8 hours)

allergic reactions; blank squares denote insignificant (P > .05) correlations, and color denotes Spearman

R value. B, Activation of the complement and coagulation cascades in the EAR and LAR is summarized,

along with cells and mediators likely to be implicated in these processes. C, Proposed model of the distinct

phases of complement activation in the EARs and LARs. In the early phase, mast cell products trigger

complement activation, which, in turn, activates TF, which is abundant in the upper airway, resulting in

fibrin deposition. Fibrinolysis rapidly follows, resulting in D-dimer formation. In the late phase, complement

may be activated by proteases associated with type II inflammation, similarly triggering fibrin deposition

through TF activation. In the late phase, u-PA levels rise, resulting in increased plasmin generation from

plasminogen. Plasmin contributes to fibrinolysis and D-dimer formation.
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inflammation (Fig 2, B and C), where proteases such as MMP9
could activate complement. In asthma, sputum eosinophils have
been reported to correlate with D-dimer levels2 and complement
anaphylatoxins have been associated with maturation of
maladaptive immune responses. Similarly, extensive complement
deposition in nasal polyps of patients with chronic rhinosinusitis
is closely associated with local IgM and anti-DNA IgG levels.9 In
addition, the complement and coagulation cascades contribute to
idiopathic pulmonary fibrosis.3,4 Activation of these pathways
may represent a common feature of numerous airways diseases
and contribute to components of remodeling and fibrosis.
Therefore, analysis of complement, coagulation, and fibrinolysis
cascades in airway mucosal lining fluids will be of interest in a
range of respiratory diseases.
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FIG 1. Identification of inflammatory endotypes using cluster analysis of

CRS mucus. A, Dendogram representing hierarchical cluster analysis of

patients with CRS based on principal-component analysis of 18

mucus-derived biological variables. B, Mean factor scores for each of the

6 CRS clusters. C, Asthma/polyp prevalence and differences in mucus

cytokine levels among each of the 6 CRS clusters, compared with healthy

controls. PC, Principal component.
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Identification of clinically relevant
chronic rhinosinusitis endotypes using
cluster analysis of mucus cytokines
To the Editor:
Chronic rhinosinusitis (CRS) pathophysiology has yet to be

clearly defined, largely because the diagnosis itself likely
represents a heterogeneous syndrome rather than a distinct
clinical entity. Several investigators have shown that CRS
with nasal polyps (CRSwNP) and CRS without nasal polyps
(CRSsNP) can both be linked with TH1-, TH2, or TH17-associated
inflammatory signatures,1,2 and there likewise appears to be a
substantial geographic predisposition to select types of
inflammatory burden.3 Recent attempts to identify inflammatory
endotypes have presented a more nuanced approach to the
classification of CRS, with Tomassen et al4 recently using
surgically obtained tissue to identify potential CRS endotypes
based entirely on inflammatory biomarkers. While such studies
have preferentially used tissue-based assessment of inflammatory
mediators, this approach may have some logistical limitations
because it is inherently invasive and subject to variations in
site-specific protein expression throughout the sinonasal cavity.5,6

Minimally invasive approaches to disease endotyping have been
reported for asthma and other respiratory diseases, typically using
analysis of sputum, mucus, or epithelial brushings.7-9 The aim of
the current study was to define CRS endotypes in a US population
entirely on the basis of analysis of mucus collected via a
minimally invasive approach. Going a step further, we sought
to additionally define the clinical relevance of putative

http://refhub.elsevier.com/S0091-6749(18)30205-7/sref1
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref1
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref1
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref2
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref2
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref3
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref3
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref3
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref4
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref4
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref4
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref5
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref5
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref5
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref6
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref6
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref6
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref6
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref7
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref7
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref7
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref8
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref8
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref8
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref9
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref9
http://refhub.elsevier.com/S0091-6749(18)30205-7/sref9
https://doi.org/10.1016/j.jaci.2018.01.022


METHODS

Volunteers, recruitment, ethics
Volunteers with a history of allergic rhinitis during the grass pollen season

were recruited. All volunteers were tested for sensitization to timothy grass

pollen by allergen skin prick testing, where a positive test result was defined as a

whealwith a diameter ofmore than 3mm larger than that achievedwith negative

control. Participants were not using any anti-inflammatory therapies, nor had

they used local or systemic corticosteroids in the 2 months before NAC.

The study was approved by the London – Harrow Research Ethics

Committee (REC#13/SM/1837). Allergen challenges were performed by

administering 5000 SQ-U of Phleum pratense (timothy grass) pollen (ALK

Abello, Horsholm, Denmark) per nostril using Bidose nasal delivery devices

(Aptar Pharma, Radolfzell am Bodensee, Germany).

Measurement of total nasal symptom scores and

peak nasal inspiratory flow
Total nasal symptom scores were scored by participants on a 12-point scale,

with 0 to 3 points given to each of nasal congestion, itching, sneezing, and

rhinorrhea (0 5 none, 1 5 mild, 2 5 moderate, 3 5 severe symptoms).

Measurements were taken at each sampling time point. Nasal patency was

measured by peak nasal inspiratory flow using a Youlten nasal peak flowmeter

with the highest result of 3 measurements used for analyses.

Sampling
Nasal lavagewas performed using 5 mL normal sterile saline on all volunteers

60 minutes before allergen administration. Nasal fluid was collected using

nasosorption devices (Hunt Developments Ltd, Midhurst, UK). Sampling was

performed at the inferior turbinate, with absorption performed for 60 seconds.

Collections were performed at baseline (15 minutes before allergen administra-

tion), thenat5, 15,30,45, and60minutespostchallenge.After60minutes, samples

were collected hourly up to 8 hours.After collection sampleswere returned to their

storage tubes and immediately dry-frozen at 2808C until analysis. Fluid was

eluted from the nasosorption matrix using 300 mL of Millipore assay buffer

(Millipore, Billerica, Mass) and centrifugation at 16000g for 20 minutes, at 48C.
Samples for measurement of TF were eluted using the same protocol, with the

exception that Tris-buffered saline replaced Millipore assay buffer.

Mediator measurements
Eluted nasosorption fluid was analyzed by immunoassay for a range of

inflammatory cascade components. Plasminogen activator inhibitor 1 was

measured by ELISA using duoset antibodies as per manufacturer’s

instructions (R&DSystems,Minneapolis,Minn). PGD2 levels were measured

using a PGD2-MOX ELISA kit (Cayman Chemicals, Ann Arbor, Mich).

Activity of tissue-type plasminogen activator was measured using Combi

Actibind ELISA kits (Technoclone, Vienna, Austria). Levels of the fibrin

degradation product D-dimer were quantified using a HemosIL ACL Acustar

D-dimer immunofluorescence assay (Instrumentation Laboratory, Bedford,

Mass). A luminex assay was used tomeasure levels of urokinase (u-PA) (R&D

Systems) using a Bioplex 200 analyzer (Bio-Rad, Hercules, Calif). C3a, C4a,

and C5a levels were measured using the Luminex system with a cytometric

bead array anaphylatoxin panel (BD Bioscience, San Jose, Calif). Levels of

IL-5, IL-9, and matrix metalloprotease 9 were measured using MSDV-PLEX

kits (MSD, Rockville, Md).

Measurement of TF using calibrated automated

thrombography
TF levels in nasosorption eluates were assessed indirectly in real-time

thrombin generation assays by calibrated automated thrombography, using

a Fluoroscan Ascent FL plate reader (Thermo Labsystems, Philadeliphia,

Pa) and Thrombinoscope software (Synapse B.V., Maastricht, The

Netherlands). Thrombin generation was initiated in 80 mL pooled normal

plasma in the presence of 4 mM phospholipid vesicles and 16.6 mM CaCl2
in a total volume of 120 mL. The amount of thrombin formed was

monitored using a thrombin-specific fluorogenic substrate, Z-Gly-Arg-

AMC-HCl (0.42 mM; Bachem, Bubendorf, Switzerland). The nasosorption

eluates were added in a 1:100 final dilution. To inhibit contact activation,

corn trypsin inhibitor (Enzyme Research Laboratories, South Bend, Ind)

was added to the plasma (40 mg/mL plasma). An inhibitory antibody

against TF (1 or 10 nM; Sigma, St-Louis, Mo) was added to show that

any thrombin generation detected in the eluted nasal fluids was caused

by TF.

Statistical analyses
Statistical analyses of time-course data were performed in GraphPad Prism

v7.00 (GraphPad Software, La Jolla, Calif) using Friedman test with Dunn

correction for multiple comparisons, based on the level at each time point

relative to that at baseline. All plots are shown as medians with interquartile

ranges. Correlation analyses were performed in R (R Foundation for Statistical

Computing, Vienna, Austria) using the ‘‘ggcorrplot’’ package. All correlations

were based onmediator data expressed as fold-induction over baseline of each

individual. Statistical testing of these correlation plots used Spearman

coefficients.

RESULTS
Fifteen adult volunteers sensitized to timothy grass pollen

were recruited. The mean age of participants was 32.4 years
(range, 19-57 years), and 8 participants were men. To enable
measurements of TF levels, a second cohort (n 5 4) was
recruited, as detailed in the Methods section. In the main study,
the average wheal diameter following skin prick testing with
timothy grass pollen was 8 mm (range, 5-14 mm). The schedule
for NAC and respiratory sampling, performed by nasosorption
of mucosal lining fluid, is summarized in Fig E1, A. Following
NAC, peak nasal inspiratory flow fell rapidly to a nadir in the
EAR at 30 to 45 minutes (median,290 L/min; Fig E1, B). Simi-
larly, total nasal symptom score, which is scored out of 12, rose
sharply, peaking at 5 minutes (median, 9; range, 3-11; Fig E1,
C). In the LAR, clinical symptoms generally consisted of a
mild nasal obstruction. The clinical magnitude of the EAR did
not predict the clinical magnitude of the LAR. Furthermore,
no association was observed between mediator levels and
symptoms in the LAR (data not shown).
For measurement of TF, a second cohort of volunteers was

challenged with timothy grass pollen using an identical challenge
protocol. The mean age of these volunteers was 32 years (range,
27-39 years); 3 were men. The mean wheal diameter following
skin prick testing with timothy grass pollen was 6.4 mm (range,
5.5-10 mm).
Levels of the coagulation cascade intermediates thrombin-

antithrombin complex and prothrombin fragments 1 and 2
were measured in the main cohort (n 5 15) but were below
assay sensitivity (15.6 pg/mL and 0.007 nmol/mL, respec-
tively; data not shown). In addition, no significant changes in
plasminogen activator inhibitor 1 levels were observed, though
levels were frequently below assay sensitivity (0.31 ng/mL;
data not shown).
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FIG E1. Study design and clinical response. A, Clinical events during NAC. Nasal lavage was performed

before allergen administration. Nasosorption sampling and measurements for total nasal symptom score

(TNSS) and peak nasal inspiratory flow (PNIF) were taken at 5, 15, 30, 45, and 60 minutes post-NAC, then

hourly to 480 minutes. Clinical severity of the allergic reaction was measured by (B) PNIF and (C) TNSS

at each time point. N 5 15. L, Left; R, right. Data are represented as medians with interquartile ranges.
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FIG E2. Mediator levels following NAC. Data from Fig 1 are shown as medians and interquartile ranges.

Following NAC, mediators and markers of mast cell degranulation, type II inflammation, complement

activation, fibrinolysis, and plasminogen activation were measured: A, PGD2 in the first hour post-NAC.

B, IL-5. C, IL-9. The complement components (D) C3a, (E) C4a, and (F) C5a. In addition, levels of (G) D-dimer,

(H) MMP9, and (I) urokinase (u-PA) were determined (n 5 15). Friedman test with Dunn correction for

multiple comparisons, based on the level at each time point relative to those at baseline, was used to

determine statistical significance (*P < .05, **P < .01, ***P < .001, ****P < .0001). MMP9, Matrix

metalloprotease 9.
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FIG E3. Tissue Factor (TF) is persistently present in the human airway at baseline and during allergen

exposure. A, TF levels in the nose were indirectly determined using a TF-dependent thrombin generation

assay, carried out at baseline and for 8 hours following NAC (n 5 4). Data are represented as the median

and interquartile range of the subjects, where the thrombin generation of each sample was determined

in 3 independent technical replicates. B, To confirm that thrombin generation was TF dependent, thrombin

generation was determined in the presence of an inhibitory anti-TF antibody (1 or 10 nM) (n 5 8). The

thrombin generation of these 8 samples (20 minutes pre- and post-NAC from 4 donors) was determined

as the mean of 2 independent technical replicates. Data are shown as mean 6 SEM of percentage change

from the 0 nM control in each sample. Inhibition data were tested for significance by 1-way ANOVA

(****P < .0001).
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TABLE E1. Correlation matrix significance values

Mediator (reaction phase) PGD2 early C5a early D-dimer early C5a late u-PA late IL-5 late D-dimer late

PGD2 early .000 .037 .439 .964 .865 .600 .659

C5a early .000 .087 .123 .295 .321 .247

D-dimer early .000 .166 .407 .312 .508

C5a late .000 .001 .007 .160

u-PA late .000 .348 .051

IL-5 late .000 .010

D-dimer late .000

P values from the correlation matrix (Fig 2, A).
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TABLE E2. Correlation matrix Spearman coefficients

Mediator (reaction phase) PGD2 early C5a early D-dimer early C5a late u-PA late IL-5 late D-dimer late

PGD2 early 1.000 0.608 0.021 20.057 20.036 20.082 0.070

C5a early 1.000 0.527 0.329 0.381 0.203 0.297

D-dimer early 1.000 0.427 0.238 0.287 0.175

C5a late 1.000 0.873 0.675 0.538

u-PA late 1.000 0.318 0.595

IL-5 late 1.000 0.797

D-dimer late 1.000

Spearman R values from the correlation matrix (Fig 2, A).
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