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Abstract

Introduction: Asthmatics can experience recurrent exacer-
bations (AEs), irrespectively of asthma severity. Airway in-
flammatory monitoring could be fundamental to optimize
the asthma management. The present study evaluated
whether exhaled NO concentrations in proximal and distal
respiratory compartments are different in AE-prone patients
in combination with T2 blood biomarkers and resting oxy-
gen saturation (SpO,). Methods: In this observational cross-
sectional study, 91 mild-to-severe asthmatics were enrolled.
Clinical characteristics, blood and lung function parameters
including SpO,, and FgNO were evaluated. On 50 randomly
selected patients, CaNO and J,,,NO were also analyzed. Then,
patients were stratified in frequent exacerbators (FEs) or
non-frequent exacerbators (nFEs), according to AE frequen-
cy in the previous year (phase I). Chart data were re-evaluat-
ed through a 12-month follow-up period post exhaled NO
measurement to detect occurrence of novel AE (phase II).
Results: FE asthmatics had poorer asthma control and re-
quired higher therapeutic intensity (p < 0.05). FENO, CANO,
and J,,NO were similar between FE and nFE. FE exhibited
higher total serum IgE levels and residual volume values but

reduced SpO, than nFE (p < 0.05); Sp0,<96.5% characterized
the FE patient (odds ratio = 2.94). In phase Il, C,NO was high-
er in the group with novel AE at 1-month post-NO measure-
ment (p < 0.05), but not afterward. A higher prevalence of
CANO >6 ppb was detected in asthmatics who developed AE
within 1 month, suggesting its potential clinical use as bio-
marker in predicting near-future AE (RR = 11.20). Conclusion:
AE-susceptible asthmatics are characterized by air trapping
and distal airway inflammation in conjunction with lower
oxygen saturation. CANO and SpO, could exert specific roles,
respectively, in predicting AE and monitoring FE asthmatics.

© 2021 S. Karger AG, Basel

Introduction

Asthma is defined as a heterogeneous disease associ-
ated with chronic airway inflammation, variable respira-
tory symptoms, and reversible airflow obstruction. Clini-
cally, asthma is generally well-controlled by inhaled cor-
ticosteroid (ICS) treatment, but some patients experience
recurrent asthma exacerbations (AEs), irrespectively of
asthma severity [1]. Notwithstanding, increased AE fre-
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quency has been associated with severe asthma [2], which
requires treatment with oral corticosteroid (OCS). When
at least 2 AEs per year occurred, patients are classifiable
as frequent exacerbator (FE) phenotype and are demand-
ing in terms of asthma management [3].

Inflammatory monitoring of the airways could be
fundamental to optimize the asthmatic patient’s man-
agement [4, 5] because symptoms do not always reflect
the inflammatory processes. The measurement of the ex-
haled nitric oxide (FgENO) produced in the airways is an
indicator of corticosteroid-sensitive airway inflamma-
tion due to the negative modulation of the inducible ni-
tric oxide synthase (iNOS) expression in the bronchial
mucosa as one of the multiple effects of corticosteroids
in asthma [6]. Thus, FgNO is used to monitor adherence,
and predict the response to ICSs [7]. Increased FENO
levels are associated with a higher prevalence of uncon-
trolled and/or severe asthma [8-10]. Nevertheless, more
specific information can be achieved from the NO ex-
change dynamics [11]. In fact, NO exchange can be com-
partmentalized into the steady-state alveolar NO con-
centration (C,NO) and the NO flux from the proximal
airway compartment (J,,,NO), which gives similar infor-
mation as FgNO at the flow of 50 mL/s (FENOs) [11, 12].
As Cy,NO may represent the degree of distal airway in-
flammation, the persistence of high C4NO in patients
treated with ICSs could reflect the incapacity of these
drugs to reach distal airways [8, 13]. Moreover, CyNO
has been reported to increase in patients with severe and
poor controlled asthma [14], and in COPD subjects with
reduced peripheral oxygen saturation as adaptation to
dyspnea [15].

We hypothesized that different levels of NO exchange
could be detected among patients prone to AE. We aimed
to compare NO exchange in FE (>2AE/year) and non-
frequent exacerbators (nFEs, <2AE/year) in combination
with T2 blood biomarkers and resting oxygen saturation
(SpO,) as a marker of gas exchange, thus investigating the
diagnostic role of NO exchange and SpO, in identifying
patients prone to AE.

Materials and Methods

Patients and Study Design

This observational cross-sectional study evaluated a series of 91
mild-to-severe asthmatics enrolled at the “Severe Asthma Centre”
of the San Luigi Gonzaga University Hospital (Orbassano, Torino,
Italy) between November 2018 and June 2020. The study was ap-
proved by the San Luigi Gonzaga University Hospital Review
Board (Prot. no. 4478/2017). All participants provided written in-
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formed consent. Inclusion criteria were adult age and asthma di-
agnosis confirmed according to Global Initiative for Asthma
(GINA) and ERS/ATS guidelines [16, 17], whereas exclusion cri-
teria were active smoking habit, smoking cessation earlier than 1
year, and any comorbidities that could interfere with the interpre-
tations of results.

Collection of Clinical, Functional, and Blood Parameters

The collected data included age, gender, BMI, smoking history,
allergen sensitization, comorbidities, hematological examination,
pulmonary function tests, AEs, asthma control and severity (GINA
steps) [17], asthma medications (ICS and OCS, long-acting beta-
agonists [LABA], long-acting muscarinic antagonists [LAMA],
omalizumab [anti-IgE], mepolizumab [anti-IL-5]), and exhaled
nitric oxide.

Pulmonary function was assessed by spirometry, performed be-
fore and 15 min after albuterol administration (400 pg), and lung
volumes using body plethysmograph (Vmax® Encore 62, Carefu-
sion, Germany). The resting SpO, was measured by pulse oximetry
(HS10A, Hunan Accurate Bio-Medical Technology, China).

Blood neutrophil and eosinophil counts were performed using
a Cell-Dyn Sapphire (Abbott, Rome, Italy) from routinely per-
formed hematological examinations. For patients treated with me-
polizumab only, circulating eosinophils data referred to counts
pre- or post-mepolizumab treatment, respectively, for phase I or
phase II analyses.

Asthma control was evaluated through the ACT questionnaire
[18, 19]: asthma was considered well control for ACT score 25,
partly control for ACT score between 20 and 24, and poor control
for ACT score <19. The asthma treatment strategy was done and
graded following GINA guidelines (box 7: GINA steps) [17]. Al-
lergic patients were detected by positive skin prick tests and serum
total IgE levels [20]. Patients sensitized to >2 allergens have been
considered as poly-sensitized [21].

Measurement of Exhaled Nitric Oxide

Exhaled NO was analyzed before spirometry and plethysmog-
raphy with FeNO+ instrument (Medisoft, Sorinnes, Belgium) ac-
cording to the manufacturer’s instruction. Briefly, FENOs, was de-
tected in every patient at the flow 50 mL/s. Deeper analyses were
conducted on 50 randomly selected patients. For them, additional
flows of 100 and 150 mL/s were used to evaluate the alveolar
(CANO, ppb) and bronchial (J,wNO, nL/s) origin of NO, in accor-
dance to Tsoukias and George two-compartment model [11]. All
NO measurements were conducted at least in duplicate, and re-
sults mediated.

Patients’ Stratification

Patients were stratified based on their frequency of AE in the
previous year (AE/y) (phase I). We considered only severe AE,
which are defined as those requiring systemic corticosteroids burst
for more than 3 consecutive days [16]. Patients who had AE/y <2
have been classified as nFE (n = 55), whereas the term FE (n = 36)
defined the patients who experienced AE/y >2 [3, 22, 23]. All anal-
yses were performed on patients in stable disease conditions.

Analyzing data available in medical records, patients were ret-
rospectively followed to detect onset of novel AE (phase IT). There-
by, patients were re-grouped as exacerbators (EXA) and as non-
exacerbators (nEXA) considering as time points 1, 3, 6, and 12
months after measurement of exhaled nitric oxide.
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Table 1. Demographic and clinical characteristics of patients

All patients Phase I of the study Phase II of the study

(n=51) nFE(n=55) FE(n=36)  pvalue  nEXA(n=79) EXA(n=12) pvalue
Age, year 56+15 56+16 56+14 0.892 56+15 59+15 0.476
Gender (female) 57/91 (63%) 37/55 (67%) 20/36 (56%)  0.364 52/79 (65.8%) 5/12 (41.7%)  0.197
BMI, kg/m2 2716 2716 2816 0.397 2716 28+4 0.938
Age at asthma onset 34+17 36+19 31+15 0.209 34+17 32+18 0.593
Asthma duration, years 24+17 22+17 27+18 0.171 23+17 28+18 0.438
Allergy 60/91 (66%) 37/55 (67%) 23/36 (64%) 0.915 53/79 (67.1%) 7/12 (58.3%) 0.788
Polysensitization 51/60 (85%) 29/37 (78%) 22/23 (96%) 0.147 45/53 (84.9%) 6/7 (85.7%) 0.612
Perennial allergen sensitization 48/60 (79%) 31/37 (84%) 17/23 (74%) 0.550 44/53 (83.0%) 4/7 (57.1%)  0.269
Seasonal allergen sensitization 52/60 (87%) 30/37 (81%) 22/23 (96%) 0.221 45/53 (84.9%) 717 (100%) 0.608
Smoking history (PY) 7.2£13.9 8.4+16.0 5.4+9.9 0.844 7.6+£14.6 4.4+8.0 0.454
Past smokers (PY>10) 23/91 (25%) 15/55 (27%) 8/36 (22%)  0.768 20/79 (25.3%) 3/12(25.0%)  0.739
White blood cells, cell/uL 7,288+1,755 7,220%1,631 7,379£1,929 0.702 7,164%1,740 7,528+1,604 0.499
Blood neutrophils, cells/uL 4,311+1,504 4,095+1,507 4,621+1,469 0.142 4,129+1,439 4,753+1,679 0.193
Blood eosinophils, cells/uL 399+272° 373+251° 43743000 0435 267+216° 312+166° 0.500
Total IgE, U/mLt 175+153 145+138 296+270 0.022 176+149 2624324 0.221

Phase I, patients stratified based on history of exacerbation in the previous 12 months; Phase I, patients stratified based on retrospective analysis of ex-
acerbation 1 month later the measurements of C4NO and SpO,. nFE, non-frequent exacerbator phenotype; FE, frequent exacerbator phenotype; nEXA,
patient without new asthma exacerbation within 1 month from NO measurement; EXA, patient with at least one new asthma exacerbation within 1 month
from NO measurement; PY, pack-year; SpO,, oxygen saturation. ¢ Pre-mepolizumab counts. $ Post-mepolizumab counts.  Data without outliers; p value

<0.050 are reported in bold.

Statistical Analysis

D’Agostino & Pearson test was used to evaluate normality dis-
tribution. The nonparametric Mann-Whitney U-test compared
differences in continue variables with exception of SpO, (unpaired
T-Test). In the text, these variables were referred as median and
25th, 75th percentile (FENOsg, CANO, and J,,NO) or mean + SD
(SpOy). In figure, boxplots represent data from the first to third
quartiles, whiskers are drawn according to the Tukey method; “+”
indicates the mean value. Fisher F test was employed to compare
categorical variables. For each analysis, outliers were identified
with the ROUT method [24] and excluded, if present. Associations
between T2, biological and chemical markers with lung function
parameters were conducted with bivariate analyses (linear regres-
sion and Spearman’s rank correlation coefficient p). Interconnec-
tions among markers were evaluated by correlation matrix and
then by bivariate analysis. Kernel density estimation was used to
recognize patterns correlate to NO. In the violin plot, dotted lines
represent data from the first to third quartiles, dashed line repre-
sents median value, and continuous line represents the cutoff val-
ues. Receiver operating characteristic (ROC) curves were used to
determine optimal cutoff value of SpO,. Odds ratio (OR) and rela-
tive risk (RR) was used to estimate the probability to have high AE
frequency or the risk to incur into AE after up to 12 months from
estimation of exhaled NO parameters, respectively. AE-free sur-
vival (fraction of patients who did not experienced AE) was as-
sessed by means of Kaplan-Meier curves. Log-rank and Gehan-
Breslow-Wilcoxon tests (for early events) were used to compare
Kaplan-Meier estimates between groups. Results were considered
statistically significant for p < 0.05. Statistical evaluations were per-
formed with GraphPad Prism 9.0.2 (GraphPad Software, San Di-
ego, CA, USA).

Gas Exchange in Frequent Asthma
Exacerbators

Results

Demographic and Clinical Characteristics

Demographic and clinical data of the asthmatic pa-
tients are reported in Table 1. Briefly, FE and nFE were
comparable for demographic data and the history of
smoking habit. Allergy frequency and type of sensitiza-
tion were comparable, but total serum IgE levels were
higher in FE groups (p < 0.05). Finally, counts of white
blood cells, and in particular neutrophils and eosinophils,
were similar between FE and nFE patients. After the re-
grouping in EXA and nEXA at 1-month post-NO mea-
surement, no differences were detected in both demo-
graphic and clinical variables (shown in Table 1), where-
as only few differences in allergy prevalence were
detected at 6-month time point (shown in online suppl.
Table 1; see www.karger.com/doi/10.1159/000518320 for
all online suppl. material).

Asthma Control and Treatment

FE patients are characterized by lower ACT score (p <
0.05) and are affected by higher asthma severity than nFE
(p <0.01, GINA treatment step distribution), thereby they
received higher impact treatment (shown in Table 2). FE
patients are administered with higher ICS doses (p < 0.001)
and more frequently are treated with OCS for at least 6
month/year (p < 0.05), LABA (p < 0.01), and biologics (p <
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Table 2. Asthma control and treatment in the asthmatic population

All patients Phase I of the study Phase II of the study

(n=91) nFE (n=55) FE(n=36) pvalue nEXA (n=79) EXA (n=12) pvalue
ACT score 20+4 194 0.027 21+3 154 <0.001
GINA treatment steps 1-2 (mild asthma) 15/91 (16%) 14/55 (26%) 1/36 (3%) 0.010 14/79 (17.7%) 1/12 (8.3%) 0.690
GINA treatment steps 3-4 (moderate asthma) 38/91 (42%) 26/55 (47%) 12/36 (33%) 0.271 30/79 (38.0%) 8/12 (66.7%)  0.118
GINA treatment step 5 (severe asthma) 38/91 (42%) 15/55 (27%) 23/36 (64%) 0.001 35/79 (44.3%) 3/12 (25.0%)  0.342
ICS/day (fluticasone propionate, pg) 464+326 375+308 601+309 <0.001 460+332 490+294 0.775
OCS (26 months/year) 7/91 (8%) 1/55 (2%) 6/36 (17%) 0.028 5179 (6.3%) 2/12 (16.7%)  0.502
LABA 75/91(82%)  40/55(73%)  35/36 (97%)  0.007 64/79 (81.0%)  11/12 (91.7%)  0.620
LAMA 18/91 (20%) 9/55 (16%) 9/36 (25%) 0.458 16/79 (20.2%) 2/12 (16.7%) 0.922
Biologics 25/91 (28%) 10/55 (18%) 15/36 (42%) 0.027 25/79 (30.4%) 1/12 (8.3%) 0.212
Omalizumab 10/91 (11%) 6/55 (11%) 4/36 (11%) 0.755 10/79 (12.7%) 0/12 (0.0%) 0.417
Mepolizumab 15/91 (16%) 4/55 (7%) 11/36 (31%) 0.008 14/79 (17.7%) 1/12 (8.3%) 0.690

p values <0.050 are reported in bold. Phase I, patients stratified based on history of exacerbation in the previous 12 months; Phase II, patients stratified
based on retrospective analysis of exacerbation 1 month later the measurements of C4NO and SpO,. nFE, non-frequent exacerbator phenotype; FE, frequent
exacerbator phenotype; nEXA, patient without new asthma exacerbation within 1 month from NO measurement; EXA, patient with at least one new asthma
exacerbation within 1 month from NO measurement; ACT, asthma control test; GINA, Global Initiative for Asthma; ICS, inhaled corticosteroid; OCS, oral
corticosteroid; LABA, long-acting beta-agonists; LAMA, long-acting muscarinic antagonists; SpO,, oxygen saturation.

Table 3. Spirometry and plethysmography parameters in the asthmatic population

All patients Phase I of the study Phase II of the study
(n=91) nFE FE pvalue  nEXA EXA p value
(n=55) (n=36) (n=179) (n=12)

FVC, %pred. 101+19 103+18 98+21 0.280 102+19 94421 0.175
PB FVC, %pred. 105+19 107+18 103+21 0.399 105+20 106+19 0.917
PB FVC, mL change 199+243 1784212 2324287 0.414 160+163 438+462 0.002
FEV, %pred. 83+23 86+21 80+27 0.244 85+22 71+27 0.053
PB FEV}, %pred. 90+22 92+19 87+26 0.353 91422 88+20 0.783
PB FEV}, mL change 264+202 268+174 258+244 0.297 240+153 411+375 0.018
FEV,/EVC, % 67+11 68+10 66+13 0.519 68+11 61+10 0.049
PB FEV,/FVC, % 7011 7010 69+13 0.736 7012 68+7 0.656
RV, %pred. 126+39 119+33 137+45 0.047 124+38 140+46 0.251
TLC, %pred. 107+16 106+15 108+16 0.523 107+15 107+19 0.934
RV/TLC, % 43+12 42+12 46+12 0.174 42+12 48+8 0.171
FRC, %pred. 111+23 114+23 105+24 0.315 110+24 11717 0.700

p values <0.050 are reported in bold. Phase I, patients stratified based on history of exacerbation in the previous 12 months; Phase
I1, patients stratified based on retrospective analysis of exacerbation 1 month later the measurements of C4NO and SpO,. nFE, non-
frequent exacerbator phenotype; FE, frequent exacerbator phenotype; nEXA, patient without new asthma exacerbation within 1 month
from NO measurement; EXA, patient with at least one new asthma exacerbation within 1 month from NO measurement; PB, post-

bronchodilation; SpO,, oxygen saturation.

0.05). In particular, the use of omalizumab was similar be-
tween the groups, whereas mepolizumab use was more
common in FE (p < 0.01). After a 1-month period, we de-
tected those patients who further exacerbated (EXA) had
the lowest ACT score (shown in Table 2, p < 0.001 vs.
nEXA). This pattern was also conserved at all the different
time points (shown in online suppl. Table 2). Further, EXA
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patients at 12-month used more LABA and were less com-
monly classified in GINA step-1 than nEXA (p < 0.05).

Lung Functional Parameters

Baseline spirometry parameters (FVC,FEV,,and FEV,/
FVC) were comparable between FE and nFE asthmatics
(shown in Table 3). In all groups, the administration of
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bronchodilator mediated similar FVC and FEV, changes
(mL). Thus, post-bronchodilation (PB)-FVC, PB-FEV,,
and PB-FEV/FVC were similar between the 2 groups.

FE patients had higher RV (RV %pred.) than nFE (p <
0.05). Other plethysmography parameters (TLC, RV/
TLC, and FRC) were otherwise comparable.

EXA patients had higher airway obstruction (FEV,/
FVC) than nEXA asthmatics at 1 month (p < 0.05) but
demonstrated higher FVC (p < 0.01) and FEV, (p < 0.05)
reversibility (shown in Table 3). Otherwise, no differenc-
es in terms of lung function were detected afterward be-
tween EXA and nEXA, except for FEV; and RV/TLC at 6
months (p < 0.05, online suppl. Table 3).

NO Exchange and Peripheral Oxygen Saturation
Peripheral SpO, was lower in FE (96 £ 1.4%) than
nFE (97 + 1.4%, p < 0.01, Fig. 1a). Meanwhile, concen-
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trations of FENOs, were statistically similar between the
2 groups (shown in Fig. 1b), although slightly higher in
FE. In fact, FENOs5, was 29 (15, 46) ppb for FE and 19
(14, 40) ppb for nFE. The deeper analysis of NO ex-
change conducted in a subpopulation revealed that
CaNO and J,,NO were 7 (1, 14) ppb and 1.5 (0.9, 3.0)
nL/s in the FE group compared to 3 (2, 8) ppb and 0.9
(0.6, 1.7) nL/s (although at higher ICS dose) in the nFE
group (shown in Fig. 1 ¢, d).

At 1 month of the follow-up (phase II), no differ-
ences in terms of SpO,, FgNOs, and J,,,NO, have been
detected between EXA asthmatics (96 + 1.3%, 34 [12,
56] ppb, and 1.5 [0.3, 3.0] nL/s, respectively) and nEXA
asthmatics (96 + 1.5%, 21 [15, 40] ppb, and 1.0 [0.7, 2.0]
nL/s, respectively). Otherwise, at 1 month of the follow-
up, Co,NO was significantly higher in EXA, 7.0 (7.0,
17.0) ppb, than in nEXA, 3.0 (1.0, 8.5) ppb (p < 0.05),
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as shown in Figure 1d. At 3, 6, and 12 months of the
follow-up, the data were similar between the 2 groups
(data not shown).

Correlation and Linear Regression Models

Among the main T2 (serum IgE, FgNO, and blood eo-
sinophils), biological (C4NO), and chemical (SpO,) bio-
markers, only peripheral oxygen saturation demonstrat-
ed causal and linear dependence with lung functional pa-
rameters (Fig. 2). In particular, SpO, had positive
linearity with FVC (slope 4.42, 95% CI 1.70-7.15, p <
0.01), FEV, (slope 6.71, 95% CI 3.54-9.87, p < 0.001), and
FEV/FVC (slope 3.19, 95% CI 1.65-4.74, p < 0.001), and
negative linearity with RV (slope —7.11, 95% CI -12.91 to
-1.31, p < 0.05). However, weak bivariate correlations

Gas Exchange in Frequent Asthma
Exacerbators

were detected only with spirometry parameters (FVC p =
0.28, p < 0.05; FEV; p = 0.37, p < 0.001; and FEV,/FVC
p = 0.30, p < 0.01), being SpO, and RV not directly re-
lated (p = -0.17, p = 0.13).

Further, to evaluate whether biomarkers are intercon-
nected among them, a correlation matrix was performed
(Fig. 3a). Statistically significant correlations were detect-
ed only between FENO and C4NO (Fig. 3b, p < 0.001),
SpO, (Fig. 3¢, p < 0.05), and blood eosinophils (Fig. 3d,
p < 0.05). In our population, FENO correlations were
moderate (vs. CANO) or weak (vs. SpO, and blood eo-
sinophils) (Fig. 3a), and causal relationship was detected
only between FENO and C,NO (slope 0.14, 95% CI 0.09-
0.19, p < 0.001, Fig. 3b).
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Risk Assessment

The predictive role of SpO, and NO exchange to dis-
criminate patients prone to AE has been explored. Pos-
sible cutoffs were estimated through ROC curve analysis
or kernel density estimation (shown in Fig. 4, left col-
umn). Values of SpO, <96.5% discriminated FE patients
(Fig.4a, OR =2.94,95% CI 1.23-7.18), whereas CANO >6
ppb predicted occurrence of AE within 1 month (Fig. 4d,
central column, RR=11.20,95% CI 1.45-132.2), with sig-
nificant results (p < 0.05). The prevalence of patients with
CaANO >6 ppb was higher in EXA (p < 0.05) and that with
SpO2 <96.5% was higher in FE (p < 0.05). Otherwise, cut-
offs of FgNOs, and J,,,NO did not achieve adequate dis-
crimination power. Finally, Kaplan-Meyer estimates for
occurrences of AE (Fig. 4, right column) did not reveal
significant differences in the 12 months follow-up.

Discussion/Conclusion

In this study, we analyzed 91 asthmatic patients: demo-
graphic and clinical characteristics, lung function param-
eters including SpO,, and concentration of T2-inflamma-
tion biomarkers (blood eosinophils, serum IgE, and
FENOsg) were evaluated for each patient; otherwise, the
alveolar (C,NO) and bronchial (J,,,NO) origins of exhaled
NO were analyzed on a randomly selected subgroup, only.

In the first phase of our study, patients were classified as
nFEs or FEs based on the AE/y frequency [22, 23]. We
showed that FE asthmatics exhibited higher serum total IgE
and peripheral airway obstruction (air trapping as deter-
mined by higher RV) but reduced SpO, than nFE confirm-
ing a role of a systemic T2 biomarker and distal airway dys-
function in conjunction with reduced oxygen saturation in
the FE phenotype [23]. Further, FE had lower ACT score
and required higher impact therapy than nFE asthmatics,
while other T2 inflammation markers (blood eosinophils
and FgNOs,) were comparable. The latter evidence indicate
that the FE phenotype is characterized by poor control asth-
ma with a higher drug consumption [23]. Finally, in the
second phase of the study, we re-classified patients as EXA
or nEXA, according with the occurrence of novel AE up to
12 months after the NO measurement, to detect the poten-
tial role of NO exchange in predict AE in the near future.

In literature, high blood eosinophilia has been corre-
lated with high asthma morbidity, in terms of need for
access to the emergency room [25, 26] because of exacer-
bation and severe acute events [27], while elevated FENO
(>300% pred.) is an AE predictor at 1 year [28]. Further,
concomitant presence of high blood eosinophilia (=300

Gas Exchange in Frequent Asthma
Exacerbators

cell/uL) and high FgNO values (=20-25 ppb) have been
correlated with loss of asthma control [25, 26]. In our
population, no statistical difference has been detected in
terms of blood eosinophils (either pre- or post mepoli-
zumab treatment) and FgNOs,. Thus, blood eosinophils
and FgNOs, appeared not involved in the features of the
FE phenotype, nor seemed able to predict future AE like-
ly because of different inclusion criteria and sample size
limitations of the pilot cohort.

The tendency of higher levels of NO (FgNOs, but also
JawNO and C,NO) in FE than nFE groups could poten-
tially be influenced by the higher doses of ICS regimen in
the FE group (fluticasone propionate average: 601 pg/day)
compared to the nFE group (fluticasone propionate aver-
age: 375 pg/day), thus affecting iNOS expression. Higher
concentrations of FENOs are indeed present in highly ex-
acerbating asthmatic patients, but FENOs, can be elevated
even in those who not exacerbated. To corroborate this hy-
pothesis, both FE and nFE demonstrated higher FENOs,
compared to healthy individuals at the same age-group [29]
gives indication of an airway inflammation. Deepening this
aspect, we detected that the J,,,NO was not to a larger extent
increased compared to the healthy individuals, but the es-
timation of C,NO was higher in FE group of asthmatics
compared to the healthy individuals [29], indicating the
presence of active inflammation in the most distal airways
and alveoli [30]. Furthermore, in our population, CyNO
and FgNOs, were positively correlated with causal effects.
In this point of view, C4NO should be considered as a sur-
rogate biomarker of FENOsj in the detection of future AE.
In fact, elevated Cy,NO can be likely the result of a possible
mechanism for resistance or lacking peripheral distribu-
tion of ICS in the distal airways. This concept was support-
ed by the presence of high CyNO and RV levels in FE pa-
tients who required higher doses of ICS or OCS to achieve
control of their symptoms. Indeed, we detected a higher
CaNO concentration and poor asthma control, at the time
of FENO/C,NO measurements, in asthmatics prone to
near-future exacerbation (EXA at 1-month post-NO mea-
surement). These patients were characterized by higher air-
flow obstruction but had also higher airway relaxant re-
sponse after bronchodilator administration (AFEV; and
AFVC). Further, the greater prevalence of CyNO >6 ppb in
EXA group suggested its potential clinical use as a biomark-
er in predicting near-future AEs (RR = 11.20).

Inliterature, the role of IgE in AE development is high-
ly debated. In fact, potential roles of IgE in the pathogen-
esis of AE have been highlighted through impairment of
virus recognition and IFNa production [1, 31], and by
direct airway smooth muscle cells activation [32]. How-
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ever, other study demonstrated a non-causal effect [33]
or even an inverse relationship [34]. Here, higher concen-
trations of total serum IgE were detected in FE compared
to nFE, but no further differences or correlations have
been demonstrated, thus endorsing the hypothesis that
IgE could have only a limited impact on the risk of devel-
oping AE.

Moreover, the FE phenotype showed airway function-
al abnormalities, even at disease stable phase [23], and our
FE patients showed, in particular, a higher RV. It could
be a cause of impaired gas exchange and, therefore, of the
reduced SpO, detected in the FE group of asthmatic pop-
ulation. In fact, we detected an inverse linearity between
SpO, and RV (though the 2 variables appeared not di-
rectly correlated), and a direct causal and linear depen-
dence among SpO, and spirometry parameters (FVC,
FEV, and FEV,/FVC). In our knowledge, this is the first
time in which decrease in peripheral oxygen saturation
have been correlated in asthma patients with progressive
improvement in airflow obstruction, further confirming
the axiom “the greater the airway obstruction the worse the
gas exchange” [35]. This finding is in line with the cut-
point detected in the general population (asymptomatic
adults) by Witting and Scharf that consider SpO, <97%
as a limit to detect abnormal pulmonary function and to
yield a 5.9 OR for asthma [36]. Thus, SpO, can be consid-
ered as a chemical marker of gas exchange because it is
easily accessible and values <96.5% can be able to dis-
criminate potentially FE patients (OR = 2.94).

Despite the limitation of a small sample size due to the
pilot nature of the study, our findings support the pres-
ence of active distal NO-related airway inflammation in
conjunction with lower oxygen saturation in AE-suscep-
tible asthmatics suggesting a clinically relevant role of
both C,NO and SpO,. These markers could exert spe-
cific roles in predicting near-future AE (C,NO) and
monitoring FE asthmatic patients (SpO,). Nevertheless,
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eTable 1: Demographic and clinical characteristics of patients stratified for presence of asthma exacerbations after NO measurement

Follow-up post NO measurement 3 Months 6 Months 12 Months
(Phase II)
nEXA (n=70) | EXA (n=21) | P nEXA (n=59) | EXA (n=32) |P nEXA (n=52) | EXA (n=39) |P

Age (year) 56+15 58+16 0.527 | 55£15 59+14 0.203 | 55+16 58+14 0.288
Gender (Female) 44/70 (62.9%) | 13/21 (61.9%) | 0.859 | 36/59 (61.0%) | 21/32 (65.6%) | 0.836 | 31/52 (59.6%) | 26/39 (66.7%) | 0.639
BMI (kg/m®) 27+6 28+5 0.905 | 2745 29+6 0.061 | 2746 2846 0.181
Age at asthma onset 35+17 31+19 0.387 | 35+18 31+17 0.321 | 35+18 33+16 0.694
Asthma duration (years) 22+16 29420 0.129 | 21£17 29+17 0.050 | 22+17 26+17 0.320
Allergy 47/70 (67.1%) | 13/21 (61.9%) | 0.856 | 44/59 (74.6%) | 16/32 (50.0%) | 0.033 | 39/52 (75.0%) | 21/39 (53.8%) | 0.060
Polysensitization 40/47 (85.1%) | 11/13 (84.6%) | 0.693 | 37/44 (84.1%) | 14/16 (87.5%) | 0.935 | 33/39 (84.6%) | 18/21 (85.7%) | 0.791
Perennial allergen sensitization 38/47 (80.8%) | 10/13 (76.9%) | 0.938 | 35/44 (79.6%) | 13/16 (81.2%) | 0.827 | 323/39 (82.0%) | 16/21 (76.2%) | 0.839
Seasonal allergen sensitization 40/47 (85.1%) | 12/13 (92.3%) | 0.830 | 37/44 (84.1%) | 15/16 (93.8%) | 0.587 | 33/39 (84.6%) | 19/21 (90.5%) | 0.811
Smoking history (PY) 8.2+15.3 3.8+6.9 0.200 | 7.5+14.5 6.8+£12.9 0.810 | 7.9+15.1 6.3+12.2 0.576
Past smokers (PY>10) 19/70 (27.1%) | 4/21 (19.0%) | 0.644 | 15/59 (25.4%) | 8/32 (25.0%) | 0.835 | 14/52(26.9%) | 9/39 (23.1%) | 0.862
White Blood Cells (cell/pL) 7164+1744 7371+1664 0.634 | 7176x1610 7279+1906 0.791 | 7117+1632 7330+1827 0.572
Blood Neutrophils (cells/uL) 4140£1406 4439+1701 0.433 | 4016x1340 4562+1660 0.104 | 4043+1375 442441589 0.243
Blood Eosinophils (cells/uL) § 2774219 226+161 0.321 | 2774228 243£165 0.461 | 256+162 2774255 0.632
Total IgE (U/mL) ¥ 199+166 108+108 0.059 | 176+134 195+206 0.668 | 166+132 203+197 0.397

nEXA: patient without new asthma exacerbation after NO measurement; EXA: patient with at least one new asthma exacerbation after NO measurement; PY:

pack-year; § post-Mepolizumab counts; T data without outliers; *=p<0.05 vs correspondent nEXA; P-value <0.050 are reported in bold.




eTable 2: Asthma control and treatment in the asthmatic population stratified for presence of asthma exacerbations after NO measurement

Follow-up post NO measurement 3 Months 6 Months 12 Months

(Phase II)

nEXA (n=70) | EXA (n=21) | P nEXA (n=59) | EXA (n=32) |P nEXA (n=52) | EXA (n=39) |P

ACT score 21+3 1744 <0.001 | 2243 18+4 <0.001 | 2243 19+4 <0.001
GINA treatment steps 1-2 14/70 (20.0%) | 1/21 (4.8%) 0.188 | 13/59 (22.0%) | 2/32 (6.2%) 0.101 | 13/52 (25.0%) | 2/39 (5.1%) 0.025
(mild asthma)
GINA treatment steps 3-4 26/70 (37.1%) | 12/21 (57.1%) | 0.168 | 24/59 (40.7%) | 14/32 (43.8%) | 0.951 | 21/52 (40.4%) | 17/39 (43.6%) | 0.927
(moderate asthma)
GINA treatment step 5 30/70 (42.9%) | 8/21 (38.1%) | 0.892 | 22/59 (37.3%) | 16/32 (50.0%) | 0.341 | 18/52 (34.6%) | 20/39 (51.3%) | 0.167
(severe asthma)
ICS/day ( 450+341 5124271 0.449 | 415£313 555+336 0.051 | 4064323 5424319 0.049
Fluticasone propionate, pg)
OCS (=6 months/year) 5/70 (7.1%) 2/21 (9.5%) 0.914 | 4/59 (6.8%) 3/32 (9.4%) 0.975 | 2/52 (3.8%) 5/39 (12.8%) | 0.233
LABA 55/70 (78.6%) | 20/21 (95.2%) | 0.152 | 45/59 (76.3%) | 30/32 (93.8%) | 0.071 | 38/52 (73.1%) | 37/39 (94.9%) | 0.015
LAMA 13/70 (18.6%) | 5/21 (23.8%) | 0.829 | 11/59 (18.6%) | 7/32 (21.9%) | 0.925 | 9/52 (17.3%) | 9/39 (23.1%) | 0.676
Biologics 21/70 (30.0%) | 4/21 (19.0%) | 0.479 | 17/59 (28.8%) | 8/32 (25.0%) | 0.886 | 15/52(28.8%) | 10/39 (25.6%) | 0.919
Omalizumab 9/70 (12.9%) | 1/21 (4.8%) 0.521 | 7/59 (11.9%) | 3/32 (9.4%) 0.991 | 7/52 (13.5%) | 3/39 (7.7%) 0.595
Mepolizumab 12/70 (17.1%) | 3/21 (14.3%) | 0.979 | 10/59 (17.0%) | 5/32 (15.6%) | 0.894 | 8/52 (15.4%) | 7/39 (18.0%) | 0.967

nEXA: patient without new asthma exacerbation after NO measurement; EXA: patient with at least one new asthma exacerbation after NO measurement; ACT:
asthma control test; GINA: Global Initiative for Asthma; ICS: inhaled corticosteroids; OCS: oral corticosteroids; LABA: long-acting beta-agonists; LAMA: long-
acting muscarinic antagonists; *=p<0.05; **=p<0.01;***=p<0.001 vs correspondent nEXA; P-value <0.050 are reported in bold.



eTable 3: Spirometry and plethysmography parameters in the asthmatic population stratified for presence of asthma exacerbations after NO
measurement

Follow-up post NO measurement 3 Months 6 Months 12 Months
(Phase 1)
nEXA (n=70) | EXA (n=21) | P nEXA (n=59) | EXA (n=32) | P nEXA (n=52) | EXA (n=39) | P

FVC (%pred.) 102+19 98+21 0.432 | 104+19 9620 0.098 | 103£19 99+19 0.306
PB FVC (%pred.) 106=£17 103425 0.618 | 107+15 102424 0.208 | 10716 103423 0.349
PB FVC (mL change) 169+171 290+385 0.106 | 164+180 2594320 0.158 | 155+183 2544298 0.128
FEV; (%pred.) 85422 78+26 0.252 | 87+21 76126 0.039 | 86+22 79+25 0.129
PB FEV, (%pred.) 91+21 88+26 0.674 | 92+19 88+27 0.414 | 91£19 89+26 0.716
PB FEV, (mL change) 261£152 2734320 0.834 | 276+160 2444260 0.548 | 277+167 267+243 0.544
FEV//FVC (%) 68+11 64+11 0.276 | 69+10 64+12 0.056 | 68+11 65+12 0.170
PB FEV/FVC (%) 70+12 70+8 0.812 | 70«12 69+11 0.614 | 70£12 69+11 0.556
RV (%pred.) 123+40 136+36 0.228 | 122439 134438 0.149 | 123+41 131+£37 0.387
TLC (%opred.) 106£15 108£17 0.634 | 107+15 106£17 0.732 | 108+16 106£16 0.612
RV/TLC (%) 42+13 4719 0.149 | 41£13 4749 0.036 | 41+14 46=10 0.076
FRC (%opred.) 111£25 109+12 0.847 | 109425 113+£22 0.721 | 11026 112421 0.845

nEXA: patient without new asthma exacerbation after NO measurement; EXA: patient with at least one new asthma exacerbation after NO measurement; PB:
post-bronchodilation; P-value <0.050 are reported in bold.
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