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Rationale: Individuals with asthma may outgrow symptoms despite
not using treatment, whereas others reach complete remission
(CoR) with absence of airway obstruction and bronchial hyper-
responsiveness. Itis uncertain whether this associates with remission
of all inflammatory and remodeling asthma features.

Objectives: To compare the pathologic phenotype of individuals with
asthma with CoR and clinical remission (ClinR) and those with active
asthma, with and without the use of inhaled corticosteroids (ICS).
Methods: We investigated 165 individuals known with active asthma,
on reexamination having CoR (n = 18), ClinR (n = 44), and current
asthma (CuA, n = 103, 64 with and 39 without ICS).

Measurements Main Results: Inflammatory cells were measured in
blood, induced sputum, and bronchial biopsies; histamine and ECP
in sputum; and eosinophilic peroxidase (EPX) immunopositivity and
remodeling (epithelial changes, E-cadherin expression, basement
membrane [BM] thickening, collagen deposition) in bronchial bi-
opsies. Median (range) blood eosinophils from CoR were signif-
icantly lower than those from CuA (0.10 [0.04-0.24] vs. 0.18
[0.02-1.16] X 10°/L). Bronchial EPX immunopositivity was lower in
CoRthaninboth ClinRand CuA (67 [0.5-462] vs. 95 [8-5329]and 172
[6-5313] pixels). Other inflammatory findings were comparable.
BM thickness was lowest in CuA, caused by lower BM thickness in
those using ICS (CoR, 6.3 [4.7-8.4]; ClinR, 6.5 [3.8-11.7]; CuA, 5.7
[2.8-12.6]; and ICS using CuA, 5.3 [2.8-8.2] pm).

Conclusions: CoR is still accompanied by airway abnormalities be-
cause BM thickness is similar in individuals with asthma with CoR,
ClinR, and CuA without ICS. Airway eosinophilic activation best
differentiates these three groups, signifying their importance in
the clinical expression and severity of bronchial hyperresponsive-
ness in asthma.
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Some patients with asthma outgrow their disease and reach
clinical asthma remission (ClinR) (i.e., their asthma symptoms
have disappeared even without using asthma medication, such
as inhaled corticosteroids [ICS] and B,-agonists). A recent
prospective epidemiologic study reported an asthma remission
rate of 2 per 100 person-years, asthma remission being defined
as no asthma symptoms in 2 consecutive years and no current
asthma treatment (1). It is, however, still under debate whether
subjects in ClinR have actually outgrown their disease because
these subjects may still have (asymptomatic) bronchial hyper-
responsiveness (BHR) or a low lung function. Indeed, Boulet
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AT A GLANCE COMMENTARY
Scientific Knowledge on the Subject

Individuals with asthma may outgrow symptoms despite not
using treatment, whereas others reach complete remission
with absence of airway obstruction and bronchial hyperres-
ponsiveness. It is uncertain whether this associates with remis-
sion of all inflammatory and remodeling features of asthma.

What This Study Adds to the Field

Asthma can go in full remission according to all clinical
phenotypes that characterize asthma, but basement mem-
brane thickening, which accompanies asthma, persists.
Importantly, airway wall eosinophilic activation differenti-
ates complete remission from clinical remission and current
asthma. This signifies the importance of eosinophil activa-
tion for the clinical expression of asthma and the severity
of bronchial hyperresponsiveness.

and coworkers (2) have shown that individuals with known
asthma yet without current asthma symptoms or asthma treat-
ment for the past 2 years still had subclinical active disease,
characterized by BHR, increased reversibility, and low lung
function. It is possible that this subclinical active disease reflects
ongoing airway inflammation or remodeling. In line with this,
higher eosinophil numbers were reported in bronchoalveolar
lavage fluid of children with atopy in ClinR (no symptoms for 12
mo and no current medication) compared with healthy controls
(3).

There is speculation that the persistence of airway inflamma-
tion in ClinR leads to progressive airway remodeling and
consequently an increased risk of eventual asthma relapse (3,
4). Indeed, a substantial proportion of subjects in ClinR have
a rebound of asthma symptoms in later life (5), suggesting that
information provided by the patient on asthma symptoms and
medication use is likely insufficient to determine whether asthma
is definitively in remission. Therefore, researchers have put
forward the term “complete asthma remission” (CoR) signifying
the absence of BHR and airway obstruction in addition to the
absence of symptoms and asthma treatment (5, 6). One might
indeed anticipate that the absence of asthma symptoms, BHR,
and airway obstruction in individuals with former asthma who
currently do not use asthma treatment is accompanied by normal
airway wall pathology (i.e., no inflammation or remodeling).

The aim of the present study was to characterize inflamma-
tory phenotypes in a large group of individuals (n = 165) with
CoR (n = 18), ClinR (n = 44), and current asthma (CuA) (n =
103) in airway wall biopsies, induced sputum, and blood.
Because these phenotypes can be changed or masked by current
ICS treatment, we investigated CuA with (n = 64) and without
(n = 39) ICS use in case differences existed between asthma
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remission and CuA. Thus, we investigated the airway pathology
of 165 individuals with known active asthma in the past who,
after reexamination, were divided into three groups: (1) CoR;
(2) ClinR; and (3) CuA (with and without ICS).

METHODS

Subjects

Subjects with CoR (n = 18), ClinR (n = 44), and CuA (n = 103) were
investigated (Table 1). All had a doctor’s diagnosis of asthma, and
documented reversibility and BHR to histamine in the past. Subjects
were reexamined by lung function, BHR to histamine and/or adenosine
5’-monophosphate (AMP), sputum induction, and bronchoscopy with
bronchial biopsies. CoR (n = 18) was defined as no BHR to histamine
(PCy histamine >32 mg/ml) and AMP (PC,)AMP >320 mg/ml);
normal lung function (FEV; >90% predicted); absence of asthma
medication (ICS or B-agonists) use; and absence of asthma symptoms
(no wheeze or asthma attacks during the last 3 yr) (5, 6). ClinR (n = 44)
was defined as absence of asthma medication (ICS or B-agonists) use
and absence of asthma symptoms (no wheeze or asthma attacks during
the last 3 yr) in patients who formerly had asthma despite the presence
of BHR to histamine (PCyghistamine >32 mg/ml) or AMP (PCy,0AMP
>320 mg/ml). CuA (n = 147) was defined as presence of BHR to
histamine (PCyohistamine >32 mg/ml) or AMP (PCAMP >320 mg/ml)
and the presence of asthma symptoms (wheeze or asthma attacks during
the last 3 yr). The CuA group consisted of 64 patients using ICS and 39
not using ICS. The study protocol was approved by the local medical
ethics committee. All subjects gave written informed consent.

Study Design

All subjects were evaluated with blood sampling, sputum induction,
and lung function assessment, followed 1 to 2 weeks later by an AMP
provocation test. At the third visit, again 1 to 2 weeks later, bronchos-
copy with collection of bronchial biopsies was performed. Subjects with a
negative AMP provocation test (PC,0AMP >320 mg/ml) came for a
fourth visit to undergo a histamine provocation test at least 3 weeks later.

TABLE 1. PATIENT CHARACTERISTICS
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Measurements

Lung function, sputum induction, and bronchoscopy with collection of
bronchial biopsies were performed as published previously (7) and are
described in detail in the online supplement. In short, histamine (IBL,
Hamburg, Germany) and neutrophil elastase (Hycult, Uden, The
Netherlands) in sputum supernatant were determined by ELISA and
eosinophilic cationic protein (ECP) by a fluoroenzyme immunoassay
(ImmunoCAP ECP; Phadia AB, Nieuwegein, The Netherlands).

Bronchial biopsies were fixed in 4% formalin, processed and
embedded in paraffin, and cut into 3-pm thick sections. Immunohisto-
chemical staining (except for Ki67 and E-cadherin) were performed
using DAKO autostainer (DAKO, Glostrup, Denmark). Immunohis-
tochemistry was performed using antibodies directed against inflamma-
tory cells (see online supplement); eosinophilic peroxidase (EPX [8]);
mast cell tryptase (AA1, DAKO); proliferation (Ki67, DAKO); epithe-
lial adhesion (E-cadherin; BD Biosciences, Breda, The Netherlands);
and collagen 3 (Southern Biotech, Birmingham, AL). Further details on
the used immunohistochemistry and quantification procedures are pre-
sented in the online supplement.

Statistics

Analyses were performed using SPSS (version 16.0; SPSS, Chicago,
IL). Normality of distributions was assessed by Kolmogorov-Smirnov
test. If necessary, normalization by transformation was attempted.
Normally distributed data were analyzed with one-way analysis of
variance and independent sample ¢ tests; nonnormally distributed data
were analyzed with Kruskal-Wallis and Mann-Whitney U tests. Chi-
square tests were used to compare groups for dichotomous variables.
Correlations were evaluated by Pearson tests or Spearman tests
(normally and nonnormally distributed data [r;], respectively). Nor-
mally distributed data, with or without transformation, were analyzed
by multiple linear regression analysis correcting for sex, age, and
current smoking. The P values of the regression analyses are presented
in tables and graphs. Two tailed P values of less than 0.05 were
considered statistically significant.

Further experimental information can be obtained from the online
supplement.

Complete Asthma Remission

(n=18)

Current Asthma
(n=103)

Clinical Asthma Remission
(n = 44)

PC20AMP, mg/ml
FEV;, % pred

ICS use, n (%)

ICS dose, png/d
B-Agonist use, n, %

>320
117 (97-137)

Sex, m/f 7/11
Age, yr 48 (17-67)
FEV,/VC, % 82 (67-97)
Reversibility FEV;, % 4.8 (—-1.7-14.1)
Atopy, n (%) 10 (56)
Phadiatop score, quotient 1.5 (0.2-53.9)
Smoking status, n (%) current 5(28)

ex 2(1)

never 11 (61)
NO alveolar, ppb 4.3 (0.9-12.3)

NO bronchial, nL/s
Blood eosinophils, x10%/L

0.47 (0.09-1.26)
0.10 (0.04-0.24)

262 (0.02 to >320)*
103 (60-123)*

22/22

48 (19-70)

79 (48-97)

6.2 (—8.4-19.1)

24 (55)

3.9 (0.1-96.5)

11 (25)

12 (27)

21 (48)

4.6 (2.1-12.4)
0.57 (0.24-2.72)
0.16 (0.01-0.50)

38.7 (0 to >320)M
101 (42-135)"
64 (62)"
800 (28-2000)
80 (78)*
51/52
50 (21-71)
73 (39-98)™
10 (—2.2-38.4)M
76 (74)
13.3 (0.2-128)"
24 (23)
34 (33)
45 (44)
5.6 (1.5-51.7)
0.80 (0.06-10.38)
0.18 (0.02-1.16)'

Definition of abbreviations: reversibility FEV; = change in FEV,, expressed as increase in percentage predicted normal value after
400 mg of albuterol; ICS = inhaled corticosteroid; NO = nitric oxide; PC,0AMP = provocative concentration of adenosine 5’
monophoshate causing a 20% fall in FEV;; Phadiatop score = quotient specific IgE in patient serum/control serum; VC =

inspiratory vital capacity.

Data are presented as median (range), unless stated otherwise. ICS dose is equivalent of beclomethasone. FEV; was determined
after inhalation of 400 pg of albuterol. Atopy is defined as specific IgE’s in patient serum/control serum >1. When applicable
corrected for age, sex, and smoking using multiple regression analysis.

* P < 0.05; complete asthma remission versus clinical asthma remission.

T P < 0.05; complete asthma remission versus current asthma.

¥ P < 0.05; clinical asthma remission versus current asthma.
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Figure 1. Patient characteristics. (A) FEV;1/VC (%), (B) reversibility of
FEV; (% predicted), and (C) Phadiatop score in subjects with complete
asthma remission, clinical asthma remission, and no inhaled cortico-
steroids (ICS) using patients with current asthma, and ICS using pa-
tients with current asthma. P values of FEV;/VC are after correction for
age, sex, and smoking using multiple regression analysis. Each circle
represents one subject. Horizontal bars represent median values.

RESULTS

Patient Characteristics

In total, 165 former patients with asthma were investigated: 18
subjects with CoR, 44 with ClinR, and 103 CuA. Table 1
presents their clinical characteristics. Subjects with CoR and
subjects in ClinR had a significantly higher FEV,/VC (inspira-
tory vital capacity) compared with CuA (Table 1, Figure 1A).

Reversibility of FEV; was significantly lower in both CoR and
ClinR compared with CuA (Table 1, Figure 1B). The Phadiatop
score, a measure for the severity of atopy, was significantly
lower in subjects with both CoR and ClinR compared with CuA
(Table 1, Figure 1C). Alveolar and bronchial fractions of
exhaled breath nitric oxide were not significantly different
between the three groups (Table 1). Levels of alveolar and
bronchial nitric oxide fractions correlated with blood eosinophil
numbers in the complete population (CoR, ClinR, and CuA
combined, ry = 0.39, P < 0.001 and r, = 0.37, P < 0.001,
respectively).

Eosinophilic Inflammation in Blood, Sputum, and Biopsies

The number of blood eosinophils was significantly lower in both
CoR and ClinR than in CuA (Table 1, Figure 2A).

The percentage of sputum eosinophils and the ECP concen-
tration in sputum supernatant were not significantly different
between the three groups (Table 2, Figures 2B and 2C).
However, when the group with CuA was divided into non-ICS
users and ICS users, sputum ECP was significantly higher in
patients with CuA with ICS use than in those with CoR and
CuA without ICS use (Figure 2C). Sputum ECP correlated
significantly with the percentage of sputum eosinophils in the
complete population (CoR, ClinR, and CuA combined, ry =
0.37, P < 0.001).

EPX immunopositivity in the bronchial biopsy tissue was
significantly lower in subjects with CoR than in subjects with
ClinR and CuA (with and without ICS use) (Table 3, Figure 2D).

Eosinophilic inflammation in blood, sputum, and biopsy
correlated significantly with each other in the complete popula-
tion (CoR, ClinR, and CuA combined) (blood eosinophils vs.
sputum eosinophils [%], rs = 0.54, P < 0.001; blood eosinophils vs.
EPX immunopositivity, r; = 0.25, P = 0.005; and sputum
eosinophils [%] vs. EPX immunopositivity, ry = 0.39, P < 0.001).

Other Inflammatory Cells and Mediators in Sputum
and Biopsies

The percentage of sputum lymphocytes was significantly higher
in subjects with CoR than in CuA (Table 2). This was found
in particular in CuA with ICS use (1.4 [0-7.3] % in CoR vs. 0.5
[0-6.9] % in CuA without ICS and 0.3 [0-4.1] % in CuA with ICS).

The level of histamine in sputum supernatant was signi-
ficantly lower in subjects with ClinR compared with CuA
(Table 2), and particularly lower than in CuA using ICS (18.5
[0-158.7] ng/ml in ClinR vs. 22.7 [0-139.9] ng/ml in CuA without
ICS and 41.7 [4.7-215] ng/ml in CuA with ICS).

Besides group differences in eosinophils, no significant
differences were observed in any of the other inflammatory cell
types studied in bronchial biopsies (Table 3).

Airway Wall Remodeling

Basement membrane (BM) thickness was similar in CoR and
ClinR. BM thickness was significantly increased in ClinR
compared with CuA (Table 4, Figure 3). When ICS use was
taken into account, BM thickness was significantly higher in
both ClinR and CuA without ICS use than in CuA with ICS use
(Figure 3).

No significant differences were observed between the three
groups in any of the other investigated remodeling parameters
(Table 4).

DISCUSSION

It has been long debated whether asthma can go into true
remission. Our study shows that asthma can go into remission
when considering the clinical characteristics of asthma (i.e.,



Broekema, Timens, Vonk, et al.: Complete Asthma Remission 313
A [ P=0.002 ‘ B
12 P=0.006 . 80
. . < % o
(2] 1.0 = 40 ° Se
= ] 2 20 ° [P
g- - 0.8 P=0.019 oo < 10 Figure 2. Eosinophilic inflam-
£x . 2 3 mation. (A) Absolute blood
§ © 0.6 . . g eosinophils (X10°/L), (B) per-
504_ * oo vege® w 6 centage of sputum eosino-
§ : (T3 o 0° . g 4 phils, (C) eosinophil cationic
D 02{ % _@_ _{ﬁ:_ 5, protein (ECP) in sputum su-
-l-*l— e 1< & pernatant (ug/L), and (D) eo-
0.0 T L t T 0 sinophilic peroxidase (EPX)
Complete Clinical  no ICS Ics Complete Clinical  no ICS Ics | immunopositivity (pixels) in
Asthma Remission  Current Asthma Asthma Remission  Current Asthma bronchial biopsies in subjects
with complete asthma remis-
C D P=0.010 . sion, clinical asthma remission,
P=0.026 no inhaled corticosteroids
P=0.030 ' P=0.048 (ICS) using patients with cur-
3000+ r . P=0.020 | 6000+ ° . rent asthma, and ICS using
= 2000+ 'ﬁ 2 40004 . . patients with current asthma.
@ 1000- o 2 20004 . . P values of EPX immunoposi-
. AN = . ®ee® oo p
£ '@ 100+ d e See SAN. 2 . 500 b i Seece tivity are after correction for
g i ¢ e g- £ . o o* o age, sex, and smoking using
232 80 * . o 5 E 400+ . :. o multiple regression analysis.
% g 601 o . e £ © 3001 * . Each circle represents one sub-
o (34 g o ° . .
o 3 i o® . .o £ 500 ® ., o20%, ject. Horizontal bars represent
:31 :z ., s 020%, ': A x 100 ., . '*. ":'Eff:’ median values.
0 H —as— 98 . J e 1 s —ogoe . ®
0 8%ee o A% om :m' w 1 ee® S, % ot
Complete Clinical _no ics  ICs , Complete Clinical nolcs  ICS
Asthma Remission  Current Asthma Asthma Remission  Current Asthma

those in remission had no asthma symptoms, had no BHR, and
had normal lung function despite not using asthma treatment
for at least 3 years). We demonstrate, however, that airway
remodeling persists, as evidenced by a similar BM thickness in
those with CoR, with ClinR, and in CuA without ICS use. Of
particular interest is the observation that eosinophilic inflam-
mation was best differentiating CoR from CuA. Moreover,
eosinophilic activation in the airway wall, as indicated by
increased degranulation in the EPX staining, was significantly
lower in subjects with CoR than in those with ClinR and with
CuA.

It has been previously shown that subjects with ClinR (no
asthma symptoms and medication for 12 mo) had ongoing
airway inflammation and remodeling as reflected by increased
numbers of eosinophils, T cells, and mast cells in the airway
mucosa and thickening of the reticular BM when compared with
control subjects without asthma (4). However, these individuals
still had BHR and it is evident that persistence of BHR is
abnormal. Also, asymptomatic BHR is a risk factor for future
development of asthma symptoms in epidemiologic studies (9).
Thus, our study supports our previous findings (6, 10) that it is
indeed possible that patients with asthma who have expressed

TABLE 2. INFLAMMATORY CELLS AND MEDIATORS IN INDUCED SPUTUM

Complete Asthma Remission

Clinical Asthma Remission Current Asthma

(n=18) (n = 44) (n=103)

Sputum not evaluable, n (%) 5 (28) 20 (45) 22 (21)

No sputum, n (%) 3 (16) 13 (29) 12 (11)

>80% squamous, n (%) 1(6) 4 (9) 7 ()

<600 cells, n (%) 1(6) 3() 3(3)
Sputum evaluable, n (%) 13 (72) 24 (55) 81 (79)
Total cells, x106/L 0.31 (0.05-2.90) 0.44 (0.06-2.27) 0.43 (0.03-3.86)
Neutrophils, % 62 (19-78) 58 (21-94) 57 (16-94)
Macrophages, % 36 (20-78) 34 (5-77) 36 (5-83)
Eosinophils, % 0.2 (0-4.6) 0.9 (0-16.8) 0.9 (0-67.1)
Lymphocytes, % 1.4 (0-7.3) 0.7 (0-5.6) 0.4 (0-6.9)*
Neutrophil elastase, pug/ml 1.1 (0-5) 1.6 (0.2-5) 1.4 (0.2-5)

Eosinophilic cationic protein, pg/L 17.9 (2.5-172)

Histamine, ng/ml

22.7 (2.8-99.6)

24.3 (5.6-2,467)
18.5 (0-158.7)

33.6 (4.2-1,363)
35.4 (0-215)"

Data are presented as median (percentage or range). When applicable corrected for age, sex, and smoking using multiple

regression analysis.

* P < 0.05, complete asthma remission versus current asthma.

t P < 0.05, clinical asthma remission versus current asthma.
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TABLE 3. INFLAMMATORY
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CELLS IN BRONCHIAL BIOPSIES

Complete Asthma Remission

Clinical Asthma Remission Current Asthma

(n=15) (n=32) (n=82)

Submucosal

CD3* T-cells 52 (32-291) 67 (13-294) 68 (4-219)

CD4™" T-cells 12 (0-168) 21 (0-67) 17 (0-71)

CD8* T-cells 28 (7-112) 18 (3-103) 23 (0-205)

CD20* B-cells 2 (0-71) 4 (0-98) 3 (0-56)

NP57* neutrophils 7 (2-30) 8 (0-46) 6 (0-38)

CD68* macrophages 13 (2-86) 16 (0-37) 12 (0-57)

EPX* eosinophils 1(0-10) 2 (0-40) 2 (0-32)

AAT™ mast cells 7 (1-26) 8 (0-20) 8 (0-26)
(De)granulation

EPX immunopositivity, pixels 67 (0.5-462) 95 (8-5,329)* 172 (6-5,313)"

Degranulated AA1* mast cells, % 71 (20-100) 80 (22-100) 68 (0-100)
Smooth Muscle

AAT™ mast cells 1 (0-2) 1 (0-15) 1 (0-6)

Data are presented as median (range). The cell numbers are expressed per 0.1 mm? of tissue. When applicable corrected for
age, sex, and smoking using multiple regression analysis. EPX = eosinophilic peroxidase.
* P < 0.05, complete asthma remission versus clinical asthma remission.

¥ P < 0.05, complete asthma remission versus current asthma.

BHR accompanied by asthma signs and symptoms are capable
of losing these clinical hallmarks of asthma. We have previously
published in a different group of patients with asthma that BM
thickness was significantly larger in people with asthma than in
age- and smoking matched healthy individuals (11). In a small
sample of nine patients we previously found that BM thickness
was similar in individuals with asthma remission; with fast
decline in lung function (n = 11); and with slow decline in lung
function (n = 18) (12). The current study extends this finding in
a larger group (n = 18 with complete remission, 44 with clinical
remission, and 103 with active asthma) and suggests that, even
with CoR, some remodeling remains in the airways as in ongoing
active asthma, likely as a sign of past disease or scarring.

There are some limitations to our study. We investigated
individuals with asthma at middle age and remission may have
different underlying pathology in childhood remission. It was
not possible to assess the duration of asthma in our study
population, because at initial testing, when all participants had
active asthma, it was not asked at which age asthma started.
Therefore, we cannot exclude that duration of asthma may have
contributed to our findings. Nevertheless, we have investigated
a considerable number of adults with asthma with CoR and our
findings suggest that at this age remodeling may still be present.
Finally, we found that the percentage of sputum lymphocytes
was significantly higher in subjects with CoR than in CuA,
particularly in CuA with ICS use. Because we did not perform

TABLE 4. REMODELING IN BRONCHIAL BIOPSIES

subset analysis of these lymphocytes further interpretation of
this part of the results is not possible.

Individuals with asthma with remission, be it CoR or ClinR,
were less frequently atopic and had significantly lower Phadia-
top scores, implying less severe atopy than those with CuA. This
was paralleled by differences in eosinophilic activation in
airway wall biopsies and may well reflect that individuals with
asthma who are in remission are less hampered by allergic
stimuli as present in the environment. It remains to be
established whether the lower atopic prevalence in those with
remission is caused by loss of allergies during ageing, as has
been shown previously (5). However, this will not likely affect
results of our study because all groups had a comparable age of
around 50 years when investigated. It is of interest that sputum
eosinophil percentages were not significantly different in sub-
jects with and without remission, suggesting that it is not merely
the presence of eosinophils, but their activation state in the
airway wall, as reflected by EPX staining, that drives their
significant role in active disease. Sputum may thus constitute
a waste basket of the presence of eosinophils in the airway wall,
where it is the activation of these eosinophils that contributes to
active asthma.

It was an unexpected finding that symptomatic patients with
CuA using ICS had more severe eosinophilic inflammation than
those not using ICS, as shown by higher blood eosinophil
numbers and sputum ECP. This may reflect that asthma was

Complete Asthma Remission

Clinical Asthma Remission Current Asthma

(n=15) (n=32 (n= 82
Bronchial epithelium
Goblet cells, cells/mm BM 34 (0-73) 32 (2-220) 36 (5-119)
Normal epithelium, % 6.8 (0-32.2) 8.9 (0-29.1) 9.0 (0-65.3)
Metaplasia, % 0 (0-21.2) 0 (0-26.2) 0 (0-19.4)
Ki67* intact epithelium, % 2.9 (0-43.1) 2.8 (0-13.6) 3.7 (0-24.2)
Ki67* basal epithelium, % 2.7 (0.2-19.2) 3.1 (0.1-15.5) 3.1 (0-28.9)
E-cadherin* intact epithelium, % 100 (0-100) 100 (0-100) 86.4 (0-100)
Basement membrane
Thickness, pm 6.3 (4.7-8.4) 6.5 (3.8-11.7) 5.7 (2.8-12.6)*

Submucosa
Collagen 3, % stained tissue

38.8 (14.5-54.9)

36.7 (8.2-64.5) 41.9 (13.9-77.9)

Data are presented as median (range). When applicable corrected for age, sex, and smoking using multiple regression analysis.

* P < 0.05, clinical asthma remission versus current asthma.
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Figure 3. Airway remodeling. Basement membrane (BM) thickness in
subjects with complete asthma remission, clinical asthma remission, no
inhaled corticosteroids (ICS) using patients with current asthma, and
ICS using patients with current asthma. P values are after correction for
age, sex, and smoking using multiple regression analysis. Each circle
represents one subject. Horizontal bars represent median values.

not under control in patients with CuA using ICS, and higher
doses may be necessary to reach control (13). As already
mentioned, BM thickness was lower in patients with CuA using
ICS, showing that asthma symptoms are not driven by this
remodeling feature.

Functional abnormalities in asthma, such as BHR, are thought
to be caused by airway inflammation or structural changes of the
airways, such as smooth muscle hyperplasia, airway wall thick-
ening, and edema. These structural changes, known as “airway
remodeling,” are thought to appear early in the onset of the
disease, sometimes even before symptoms appear (14). The exact
physiologic consequences of airway wall remodeling are not
understood. We show here that airway remodeling is also present
in subjects in CoR. This suggests that BM thickening per se is not
responsible for the presence of BHR. In contrast, activation of
eosinophils in the airway wall is almost absent in CoR and
present in those with CuA, suggesting that this may contribute to
the presence or severity of BHR. Nevertheless, other factors also
have to drive the presence and severity of BHR, because
eosinophilia was absent in a proportion of our patients with CuA.

The question arises if airway remodeling is an inherent
feature of asthma (i.e., if it remains even though at extensive
clinical examination asthma is in CoR). If this is true, then one
might interpret the presence of increased BM thickening as
a pending risk of asthma relapse. Alternatively, this merely
reflects an end-stage disease with some “scarring” as a sign that
an individual has had asthma. There are indications that
remodeling is a process that is amenable to treatment. Indeed,
two studies have shown that prolonged treatment with ICS can
reduce BM thickness (15, 16). Moreover, collagen deposition
(17) and airway vascularity (18) can improve with ICS use and
are therefore also reversible. In light of these observations it is
of interest that patients with CuA using ICS in our study had
lower BM thickness than those without ICS. This may thus
simply result from ICS treatment for a prolonged time. How-
ever, despite this, patients still remain symptomatic. Therefore,
we conclude that BM thickness itself does not associate with the
clinical expression of asthma, but that other factors imprint on
BM thickness that affect the severity of the disease and
treatment requirements.

Epithelial cells are the first barrier against inhaled allergens;
hence, these cells may be important for the induction, mainte-
nance, and severity of asthma. We have previously shown that
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individuals with asthma who smoke have more respiratory
symptoms and epithelial damage than individuals with asthma-
who do not smoke (7). We had anticipated that patients with
CuA would have more epithelial changes than those with ClinR
and CoR. However, the percentage of intact epithelium and its
expression of E-cadherin, an adhesion protein, were similar
between the groups. With respect to epithelial damage, we
conclude that this does not differentiate remission from CuA.
This does, of course, not preclude that the activation status of
epithelial cells is different. It may well be that the production of
chemoattractive cytokines by epithelium is increased in CuA
compared with remission, which then adds to attracting eosin-
ophils to the airway wall as observed in our study.

In summary, we studied a group of 164 adults with known
active asthma in the past, including individuals with CoR (i.e.,
those being asymptomatic without airway obstruction, BHR,
and any respiratory treatment), with ClinR (i.e., asymptomatic
and without treatment); and with CuA. The important message
of this paper is that asthma can go into full remission according
to all clinical phenotypes that characterize asthma, but that
BM thickening, which accompanies asthma, persists. A second
message of the paper is that airway wall eosinophilic activation
differentiates CoR from ClinR and CuA. This signifies the
importance of eosinophil activation for the clinical expression of
asthma and the severity of BHR.
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Exclusion criteria

Main exclusion criteria were: FEV4 <1.2 L, bronchiectasis, upper respiratory tract
infection (e.g. colds) and/or use of antibiotics or oral corticosteroids within the last 2

months before inclusion.
Lung function

Lung function tests were performed with a daily calibrated spirometer according to
standardized guidelines as described previously®'. FEV; and VC (inspiratory vital
capacity) was measured with a calibrated water-sealed spirometer according to
standardized guidelines®'. Reversibility of FEV, (% predicted) was measured after
administration of 400ug Albuterol. BHR to AMP was tested with a method adapted
from Cockcroft and coworkers®? using, after an initial nebulized 0.9% saline
challenge, 2-min tidal breathing at 5-min intervals and doubling concentrations of
AMP ranging from 0.04 to 320 mg/ml. BHR to histamine was tested as reported
previously™, using 30-second tidal breathing and doubling concentrations of

histamine ranging from 0.13 to 32 mg/ml.
Alveolar and bronchial nitric oxide

Exhaled nitric oxide (NO) was measured on the Aerocrine NO system (Niox,
Aerocrine AB, Stockholm, Sweden) in accordance with international guidelines®.
Alveolar NO concentrations (ppb) and bronchial NO fluxes (nL/s) were assessed

according to Tsoukias and George®® with some modifications®’.

Atopy



Atopy was determined by the Phadiatop screening test®®

with the ImmunoCap
system (Phadia AB, Uppsala, Sweden). The Phadiatop score is expressed as
quotient, i.e. fluorescence of the serum of interest divided by the fluorescence of a

control serum. Positive Phadiatop, and thereby atopy, was defined as serum/control

serum >1.

Induced sputum

Sputum was induced by 5% hypertonic saline aerosols over 3 consecutive periods of
5 min. Cytospins of processed whole sputum samples were stained with May-
Grunwald-Giemsa and cell differentials were determined by a blinded observer by
counting a total of 600 viable, non-squamous cells. Sputum was not used if
percentage of squamous cells was greater than 80% or when the total number of
non-squamous cells exceeded 600. Histamine (IBL, Hamburg, Germany) and
neutrophil elastase (Hycult, Uden, the Netherlands) in sputum supernatant were
determined by ELISA and eosinophilic cationic protein (ECP) by a fluoroenzyme

immunoassay (ImmunoCAP ECP, Phadia AB).

Bronchial biopsies

After local anaesthesia, bronchial biopsies were obtained using a flexible
bronchoscope (Olympus BF P20 or BF XT20) from segmental divisions of the main
bronchi. Biopsies were fixed in 4% formalin, processed and embedded in paraffin and
cut in 3um thick sections. Morphological features were determined on sections
stained with hematoxylin and eosin (HE) and with periodic acid Schiff.
Immunohistochemical stainings (except for Ki67 and E-cadherin) were performed

using the DAKO autostainer (DAKO, Glostrup, Denmark). The slides were included in



a random fashion in each run to avoid groupwise staining. Immunohistochemistry
was performed using antibodies directed against T-cells: (CD3, DAKO; CD4,
Novocastra, Newcastle, UK; and CD8, DAKO), B-cells (CD20, DAKO), neutrophil
elastase (NP57, DAKO), macrophages (CD68, DAKO), eosinophilic peroxidase
(EPX®%), mast cell tryptase (AA1, DAKO), proliferation (Ki67, DAKO), epithelial
adhesion (E-cadherin, BD Biosciences, Breda, the Netherlands) and collagen 3
(Southern Biotech, Birmingham, AL, USA). In short, sections were deparaffinized and
after antigen retrieval, incubated with the primary antibodies. These antibodies were
detected with Envision™ Detection Kit (DAKO) and the chromogen NovaRED (Vector
Labs, Burlingame, USA). EPX was detected via biotinylated anti-mouse IgG1
(Southern Biotech), alkaline phosphatase-labeled conjugate (DAKO) and permanent
Red (DAKO). Ki67, E-cadherin and collagen 3 were detected with two peroxidase-
labelled conjugates (both DAKO) and 3,3-Diaminobenzidine tetrahydrochloride

(Sigma-Aldrich, Zwijndrecht, the Netherlands).

All stainings were quantified by a blinded observer using computer-assisted image
analysis at a magnification of 200x (Qwin, Leica Microsystems Imaging Solutions,
Cambridge, UK). Quantification was performed on the largest of three biopsy
sections. Inflammatory cell numbers were quantified by counting the number of
positively stained cells in the submucosal area 100pum under the basement
membrane (BM), in a total area of 0.1mm? per biopsy sample. Activation of
eosinophils and mast cells was determined by their degree of degranulation.
Degranulation of eosinophils was determined by computer-assisted quantification of
EPX immunopositivity in the submucosa. The percentage of degranulated AA1" cells
was determined by counting intact (dense, compact AA1" cells with unbroken

boundaries) and degranulated mast cells (all other AA1" cells), as described

4



previoustEm. Goblet cell numbers were counted on PAS-stained biopsy sections and
expressed per mm of BM. Epithelial layer integrity was assessed on HE-stained
biopsy sections and expressed as the percentage of BM covered with 1) normal,
intact epithelium (basal and ciliated columnar epithelial cells) and 2) metaplastic
epithelium (multilayered epithelium covered by a flattened layer of squamous
epithelial cells and absence of ciliated cells). Epithelial proliferation was determined
by counting the number of Ki67" cells in intact epithelium and basal epithelium.
Epithelial adhesion was determined by assessment of the percentage of BM covered
with E-cadherin™ intact epithelium. BM thickness was calculated based on computer-
assisted measurements of BM surface area and BM length. Submucosal deposition
of collagen 3 was determined by computer-assisted image analysis in an area of 200

pMm under the BM.
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