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AIRWAY HYPERRESPONSIVENESS IN ASTHMA: ITS MEASUREMENT AND CLINICAL SIGNIFICANCE

The Relationship of Airway
Hyperresponsiveness and Airway

Inflammation

Airway Hyperresponsiveness in Asthma: Its
Measurement and Clinical Significance

William W. Busse, MD

Airway hyperresponsiveness (AHR) is a clinical feature of asthma and is often in proportion to the
underlying severity of the disease. To understand AHR and the mechanisms that contribute to
these processes, it is helpful to divide the airway components that affect this feature of asthma
into “persistent” and “variable” categories. The persistent component of AHR represents struc-
tural changes in the airway, whereas the variable feature relates to inflammatory events. Insight
into how these interrelated components of AHR can contribute to asthma is gained by studying
treatment effects and models of asthma provocation.

Abbreviations: AHR = airway hyperresponsiveness; anti-IL = monoclonal antibody to interleukin; ICS = inhaled corti-
costeroids; IL = interleukin; PC,, = provocative concentration causing a 20% fall in FEV,
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Airway hyperresponsiveness (AHR) is a character-
istic feature of asthma and is found in virtually
every patient with this disease. However, there is
considerable variability in the intensity of AHR in
patients with asthma, and the level of AHR is variable
both among patients with asthma and within individ-
uals themselves. This level of AHR variability provides
insight into mechanisms that regulate this process.
For example, the degree of AHR is usually in propor-
tion to the severity of the underlying asthma!; those
patients with more severe airway disease often have a
greater degree of AHR (Fig 1). In addition, intercur-

Manuscript received January 13, 2010; revision accepted March 31,
2010.

Affiliations: From the Department of Medicine, University of
Wisconsin School of Medicine and Public Health, Madison, WI.
Funding/Support: This work was supported by the National
Institutes of Health, National Heart, Lung and Blood Institute
[Grant RO1 HL069116] and the National Institute of Allergy and
Infectious Diseases [N01-AI-25496].

Correspondence to: William W. Busse, MD, University Hospital
and Clinics, K4/910 CSC, MC 9988, 600 Highland Ave, Madison,
WI 53792; e-mail: wwb@medicine.wisc.edu

© 2010 American College of Chest Physicians. Reproduction
of this article is prohibited without written permission from the
American College of Chest Physicians (http://www.chestpubs.org/
site/misc/reprints.xhtml).

DOI: 10.1378/chest.10-0100

4S8

rent provokers, such as viral-induced exacerbations,
allergen exposure, and occupational exposures, can
temporarily enhance the underlying AHR in individ-
ual patients. Furthermore, treatment of asthma not
only can improve airflow limitations and reduce symp-
toms but also can modify underlying AHR. These
observations have given insight into the factors and
mechanisms that affect AHR and, in particular, the role
and contribution, if any, of airway inflammation in the
variety of processes that determine and possibly
direct AHR.

To more fully appreciate the role of inflammation
in AHR, it is helpful to identify the components that
likely make up AHR, review studies that have used
either therapeutic interventions or provocative mod-
els to modify AHR, and, from these observations,
attempt to gain a more comprehensive view of the
complexity of processes, including inflammation, that
ultimately determine AHR.

WHAT ARE THE COMPONENTS OF AHR?

In studying, discussing, and understanding the
components that comprise AHR, it is helpful, and

Airway Hyperresponsiveness in Asthma



50 - Severe asthmatic
w407 Mild asthmatic
C
2 30-

o
I
~ 20 - < Normal
>
L
L 10
0_
[ I T | | T | T | 1
02505 1 2 4 8 16 32 64 128256

Concentration (mg/mL)
(methacholine/histamine)

FIGURE 1. Dose-response curves to inhaled direct agonists (histamine
or methacholine) in normal, mild, or severe asthma. (Reprinted with
permission from O’Byrne et al.2)

possibly informative, to divide the factors that con-
tribute to AHR into two categories: persistent and
variable2? (Fig 2). Under this concept, which may be
an oversimplification of this feature of asthma, the
persistent aspects of AHR have been largely attrib-
uted to structural changes in the airway, which can
include subendothelial thickening, subbasement
membrane thickening, smooth muscle hypertrophy,
matrix deposition, and altered vascular components
(Fig 3). These structural changes are often part of
the histopathology found in asthma, particularly in
those patients with more severe or longstanding dis-
ease; these structural changes alter the architecture
of the airways to make them thicker, less compliant,
and more narrowed, all features associated with a
greater degree of constriction and closure when
stimulated by contractile substances. The other com-
ponent of AHR, the variable aspect, is believed to
relate to inflammatory events in the airway, which
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FIGURE 2. Components of airway changes in asthma that contrib-
ute to AHR. AHR = airway hyperresponsiveness.
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FIGURE 3. Factors affecting the variable and persistent compo-
nents of AHR. See Figure 2 legend for an expansion of the
abbreviation.

are variable and influenced by numerous environ-
mental events (ie, allergens, respiratory infections,
and treatment).

In arbitrarily dividing the components of AHR into
these two principal components, it is understood that
these processes are interrelated and likely interde-
pendent. For example, it is presumed that if inflam-
mation is longstanding, the cellular components of
the underlying injury become important in and to
the development of structural changes in the airway
and, thus, further the persistent aspect of AHR. In
addition, compartmentalizing the study of AHR into
these two arbitrary aspects can be insightful, although
perhaps artificial, in dissecting the complexity of this
feature of asthma. In the end, the level of AHR rep-
resents both collective and synergistic events in the
airway and is the result of multiple processes, each
with a unique contribution, but not in isolation from
other events. The concept of variable and persistent
components has undergone revisions. At present,
factors altering airway structure appear most related
to AHR.

DETECTION OF AHR

It is important to indicate that detection of AHR
can also be arbitrarily divided into two stimuli: direct
and indirect (Fig 4). Direct stimulation of the airway
to measure AHR is seen principally with methacho-
line or histamine, both of which act directly on airway
smooth muscle to evoke a contractual response.'?
Because the degree of the airway contractual, or clo-
sure, response is enhanced in asthma, smaller con-
centrations of agonists are needed to decrease the
FEV, by 20% and thus lead to a lower provocative con-
centration, causing a 20% fall in FEV, (PC,,) value.?
In general, it has been suggested that the actions of
methacholine and histamine reflect an effect usually
associated with, or attributed to, persistent changes
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FIGURE 4. Detection of AHR by direct and indirect activators of
airway contraction. See Figure 2 legend for expansion of the
abbreviation.

in the airway. This is likely an oversimplification of
the interplay between structural and inflammatory
events but enables a partial dissection of some of the
factors that contribute to AHR.

It is also important to point out that the presumed
direct stimulating factors, particularly to histamine, are
not solely the result of actions on airway smooth muscle
causing airway closure. Histamine can also activate
sensory fibers in the airway and, as a consequence, not
only directly contract the bronchial smooth muscle but
also lead to a reflex response that can, in turn, amplify
bronchospasm. The relative contribution of histamine
to direct vs indirect effects is not clearly defined and is
likely to be variable and dependent upon existing
inflammation or other factors at the time of study. This
point is raised both to indicate the crossover that exists
with agonists used for measures of AHR and the inter-
weaving of inflammatory processes and structural
changes in the airway.

A variety of indirect activators of AHR are also
used to detect AHR. The experience with these indi-
rect stimulants is less than that with methacholine or
histamine, but they have the potential to add infor-
mation to measurements with direct agonists. The
response to the inhalation of these indirect factors
does not appear to occur through a direct action on
smooth muscle, but rather as a consequence of exist-
ing inflammation and either activation of these cells
or as an irritant to the airway smooth muscle. Exam-
ples of indirect factors include hypertonic aerosols,
such as hypertonic saline or mannitol. In addition,
adenosine monophosphate acts by stimulating mast
cells to release their mediators, independent of IgE.
The degree to which mast cell mediators are released
by adenosine monophosphate, in turn, determines
the level of AHR and reflects underlying airway
inflammation.

There are obvious strengths and limitations to each
of these approaches, direct or indirect, but by apply-
ing them to the study of AHR in asthma and under-
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standing their mechanisms of effect, it is becoming
possible to more comprehensively explain altered air-
way function in asthma and to ascertain how these
alterations occur. From this approach will come a
greater understanding of asthma mechanisms and
eventually treatment.

WHAT LESSONS HAVE BEEN LEARNED ABOUT
AHR FROM TREATMENT OF ASTHMA?

In 1999, Sont and colleagues* reported on the effects
of a treatment strategy directed toward reducing AHR
vs guideline-directed care alone on clinical outcomes
of asthma and also the underlying features of airway
inflammation and histopathology in these patients.
All enrolled subjects had AHR as defined by a PC,, to
methacholine <8 mg/mL. The enrolled patients were
divided into two groups: reference treatment (the level
of step care was based on guideline recommendations)
and an AHR strategy whereby the treatment dose
of inhaled corticosteroids (ICS) was adjusted in an
attempt to reduce the underlying AHR. The patients
enrolled in both treatment arms underwent bron-
choscopy with mucosal biopsy at the beginning and
completion of the study; the mucosal biopsies were
analyzed for inflammation (primarily, eosinophils) and
airway wall thickness.

At the completion of the study, the patients in the
AHR strategy arm required a larger dose of metha-
choline to cause a 20% fall in FEV, probably reflect-
ing the higher dose of ICS given to this group. In
addition, those receiving ICS treatment directed by
reducing the AHR had a greater improvement in
their FEV, over the 2 years of study. Furthermore,
the frequency of mild asthma exacerbations was
reduced in the AHR treatment strategy group.
Finally, the bronchial mucosal biopsies were ana-
lyzed, and the degree of inflammation (ie, eosino-
philia) and thickness of the airway were determined.
Those patients randomized to the reference group
had no change in the airway thickness over the 2 years
of treatment (Fig 5). In contrast, subjects in the AHR
strategy group had an approximate 40% reduction in
airway thickness (reticular layer thickness). Eosino-
phil numbers in the biopsy specimens also tended to
decrease, and interestingly, when the authors evalu-
ated the change in mucosal eosinophilia in relation-
ship to the improvement in methacholine PC,,, an
inverse statistical correlation emerged: the greater
the decrease in eosinophils in the airway, the greater
the improvement in methacholine sensitivity (Fig 6).

The authors made a number of conclusions from
their observations that are relevant to the discussion
of AHR. First, antiinflammatory therapy directed
toward reducing AHR can improve lung function.

Airway Hyperresponsiveness in Asthma
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FIGURE 5. Individual changes in reticular layer thickness beneath
the epithelium in bronchial biopsies before and after 2 years of
treatment in reference and AHR strategy. See Figure 2 legend
for expansion of abbreviation. (Reprinted with permission from
Sont et al.4)

Second, the ICS treatment that induced changes in
AHR also reduced changes of airway wall remodel-
ing (ie, reticular layer thickness) and the degree of
eosinophilia. Whether the changes in airway wall
thickness and fewer eosinophils are linked and/or
associated with a reduction in AHR could not be
determined. Nonetheless, by adjusting the treat-
ment dose of ICS to reduce AHR, there was a dimin-
ished thickness of the airways. Because airway
thickness can factor into the degree of AHR, these
outcomes appear interrelated. In the schema of the
introductory comments, the reduction in AHR with
higher doses of ICS appears targeted to the persis-
tent, or structural, components of AHR. This, how-
ever, still remains conjectural. These data also raise
the question of how much inflammation, reflected
by the presence of eosinophils, contributes to AHR.
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FIGURE 6. Relationship between changes in EG2+ eosinophils
and changes in methacholine PC,, during 2 years’ treatment in
reference and AHR strategy. EG2+ = Monoclonal antibody that
binds to eosinophil cationic protein; PC,, = provocative concen-
tration causing a 20% fall in FEV,. See Figure 2 legend for expan-
sion of the other abbreviation. (Reprinted with permission from
Sont et al.4)
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To further explore the role of cellular and tis-
sue inflammation, Gibson and colleagues’ enrolled
20 patients with asthma in a study. Each subject
was given 2,000 pg of beclomethasone per day for
8§ weeks. At the completion of this treatment phase,
AHR was measured to methacholine and hypertonic
saline. These determinants of AHR were followed by
a collection of induced sputum. One week later, the
subjects under went a bronchoscopy with lavage and
mucosal biopsy to evaluate airway lumen and mucosal
inflammation. The changes in AHR were compared
with the various markers of inflammation, including
airway lumen and airway wall (Table 1). Changes in
AHR to methacholine, in particular, were associated
with reductions in mucosal (bronchial biopsy)
metachromatic cells. In contrast, associated changes
in eosinophils had less effect on AHR to methacho-
line or mannitol.

From these observations, the authors® concluded
that the effects of reducing cellular inflammation on
AHR were dependent upon many factors, including
the cell type (ie, eosinophil vs metachromatic cell)
and the location of the inflammatory process (ie, the
lumen vs airway wall). Under these experimental
conditions, two major messages can be drawn:
metachromatic cells and their residence in the airway
wall are the dominant factors that are most likely to
influence altered airway physiology associated with
AHR. Their findings also suggest that long-term treat-
ments with effective doses of ICS are needed to bring
about changes in the mucosal tissue and for these
changes to translate into functional improvement in
AHR. This study also underscores the strength behind
combining assessments of inflammatory cell type and
their location to unravel which cell and under what
conditions it affects AHR. Again, this study suggests
that it is the structural status of the airway, not neces-
sarily inflammation, that is important to AHR.

Table 1—Relationship Between Cell Counts (%) in
Bronchial Biopsies, BAL, and Induced Sputum and

Physiologic Measures
Cell Type PEF PD,, PD,,
and Source Variability ~ Methacholine MAN Saline

Metachromatic

cells
BBB 0.59* —0.74* 0.39%  —0.75%
BAL -0.13 —0.38 -0.22  —0.46
Sputum 0.23 —0.35 014  —0.20
Eosinophils
BBB —0.09 0.29 —0.18 0.13
BAL 0.26 —0.31 0.19 —0.43
Sputum 0.43 —0.29 0.21 —0.63

BBB = bronchial biopsies; MAN = mannitol; PD,, = Provocative dose
causing a 20% fall in FEV1; PEF = peak expiratory flow. (Reprinted
with permission from Gibson et al.5)

*P < .05.
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THE EFFECT OF AN INHALED ALLERGEN
BRONCHIAL PROVOCATION ON AHR

Interleukin (IL)-5 is increased in lumen secretions
following allergen challenge and correlates with the
presence of eosinophils recruited to the lung.® To dis-
sect these processes (ie, mediator vs cellular aspects),
Shi and colleagues™ had patients with asthma inhale
IL-5 and evaluated its effects on AHR and recruitment
of eosinophils. Twenty-four hours after inhaling IL-5,
eosinophils markedly increased in the sputum and
paralleled a significant enhancement in responsive-
ness with methacholine. These effects were not seen
with saline or with a solution containing endotoxin,
which could be a potential contributor to and con-
founder of these effects, especially the heightened
response to methacholine. At the time of these stud-
ies, the Shi et al data” strongly suggested that the gen-
eration of IL-5 and subsequent recruitment of
eosinophils are major determinants of AHR. Pre-
cisely how the eosinophils contributed to AHR was
not defined.

This concept, however, has not been substantiated
by subsequent work. Leckie and colleagues,® for
example, evaluated the effect of administering a
monoclonal antibody to IL-5 (anti-IL-5) on the air-
way response to inhaled antigen (ie, the development
of the late phase response and eosinophil subsequent
recruitment). In their study, patients with immediate
and late-phase reactions to inhaled antigen were
given either placebo or one of two doses of anti-IL-5.
Although anti-IL-5 significantly reduced blood and
sputum eosinophils, there was no effect on the imme-
diate or late-phase reaction to inhaled antigen. Fur-
thermore, there were no changes in AHR post
allergen challenge; however, changes in AHR follow-
ing the antigen challenge did not occur with placebo
either. These studies indicate that although eosino-
phils parallel the development of the late-phase reac-
tion to inhaled antigen, they do not appear causative
of this event and may not contribute to an enhance-
ment of AHR.

Further insight into how eosinophils participate
in asthma and AHR are noted in a study by Haldar

Bronchoscopy

and colleagues? in which the effects of anti-IL-5
(mepolizamab) were evaluated in patients who were
refractory to large doses of inhaled ICS as indicated by
persistent sputum eosinophilia. In this study, treat-
ment with mepolizumab reduced sputum eosinophil
concentrations. Despite this reduction in sputum
eosinophils, there was no change in pulmonary func-
tions or AHR. However, the diminished number of
eosinophils was associated with a 50% reduction in
asthma exacerbations. These studies raise the possi-
bility that sputum eosinophils do not necessarily
reflect or contribute to the intensity of AHR, but
rather other factors, other cells, and/or other media-
tors need to be considered as the dominant, causative
mechanisms in this feature of airway dysfunction in
asthma.

To further address how and under what conditions
either structural aspects (persistent AHR) or inflam-
matory components (variable AHR) modulate AHR,
Kariyawasam and colleagues'® conducted a compre-
hensive study that used antigen bronchoprovocation to
induce an allergic inflammatory response and bron-
choscopy with biopsy to assess the effects of allergic
inflammation on AHR. In this study, patients were
seen on five separate occasions (Fig 7). Patients had
screening evaluations that included obtaining bron-
choscopy with bronchial biopsies after spirometry
and a methacholine measurement of PC,,. An allergen
challenge was then performed and followed by bron-
choscopy 24 h later, as well as assessment of the effect
of allergen challenge on the methacholine PC,,. These
studies were then repeated 7 days after the allergen
challenge to assess the persistence of the inflammatory
reaction and to determine whether the inflammatory
changes associated with changes in AHR were in
the airway lumen, bronchial mucosa inflammation,
or both.

Twenty-four hours after allergen challenge, there
was, as expected, a significant decrease in the FEV,
in the majority of patients. Furthermore, AHR to
methacholine increased at 24 h post allergen chal-
lenge and remained increased at 7 days (Fig 8). When
cellular inflammation was determined by BAL eosino-
phils, a significant increase in this cell was found 24 h

Bronchescopy Bronchoscopy

. Spirometry Allergen Spirometry Spirometry
Screening Methacholine PC,, Challenge Methacholine PC,, Methacholine PC,,
v A2 — | v Va — Vs
1 O hours 3 24 hours 7 Days

FIGURE 7. Summary of the study design from Kariyawasam et al.'” V = visit. See Figures 2 and 6 legends
for expansion of other abbreviations. (Reprinted with permission from Kariyawasam et al.1?)
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after allergen challenge; however, by 7 days post
allergen challenge, the eosinophils in the BAL had
returned to baseline levels. In contrast, when the
investigators measured procollagen-expressing cells
in the bronchial biopsy specimen as a marker of air-
way remodeling, there was an increase in this mucosal
marker 7 days after allergen challenge (Fig 9). These
data suggest that the changes in AHR following aller-
gen challenge appear to be more closely associated
with structural alterations than the early recruitment
of luminal eosinophils and ensuing inflammation.
Although eosinophils tend to parallel these responses,
they did not appear to be the causative process in this
response.

Assessing the contribution to airway inflammatory
events to AHR is complicated by many factors, includ-

www.chestpubs.org
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FIGURE 9. Markers of airway remodeling 24 h and 7 days after
antigen challenge. (Reprinted with permission from Kariyawasam
et al.10)

ing the method of evaluation, the measurement itself,
the timing of the readout, and the susceptibility to
the inflammatory determinant. For example, detec-
tion of airway inflammation is facilitated by noninva-
sive approaches, such as analysis of induced sputum
samples. These determinants measure events in the
large to midsize airways. Bronchoscopy with lavage,
in contrast, provides a “cleaner” sample but requires
an invasive procedure, which by itself can have
effects on markers of inflammation. Both sputum
and lavage samples reflect inflammation in the airway
lumen, which may not fully reflect the histology of
the airway wall, a location that is more likely to be a
determinant of AHR. Furthermore, it is also likely
that the interaction of these inflammatory cells with
airway tissues determines the intensity of AHR. At
present, quantifying the interactive contribution of
cellular elements and resident components to the
overall inflammatory reaction is not readily available.
Therefore, to identify the contributions of inflamma-
tion to AHR, it is important to consider the many
aspects of this process, including the location of the
cells (ie, lumen vs bronchial wall) and cell type as well
as the many mediators associated with the injury to
the airway. The present data, however, suggest that it
is likely that structural changes of the airway are the
greater contributor to AHR than the development of
inflammation.

The structural components of the airway previ-
ously described include airway smooth muscle.
There has been considerable interest in dissecting
the contribution of airway remodeling and their rela-
tionship to smooth muscle and/or features of airway
smooth muscle contractile responses to the presence
of AHR in asthma. As noted, the measurement of AHR
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is characterized by excessive narrowing to contractile
substances that cause no effect in normal subjects
and a response at a smaller dose. These characteris-
tics represent two changes: an increased sensitivity
and an ability of the airway smooth muscle to narrow
excessively. Some believe the response to contraction
at alower dose (ie, increased sensitivity) may represent
the less significant change, and it is the exaggerated
airway narrowing that is more important in asthma and
the resulting altered physiology. Efforts are ongoing
to sort out that the contribution of airway remodeling
and altered smooth muscle to AHR. Paré et all! for
example, present convincing evidence that airway
wall remodeling is a major contributor to the exces-
sive airway narrowing in asthma. These same investi-
gators have pointed out that the excessive deposition
of collagen and thickening of the airway wall could
protect against excessive airway narrowing.'? Thus,
the balance between these changes can lead to
opposite effects. In contrast, Oliver et al'® have con-
vincing evidence that the increased muscle mass
in asthma is a dominant factor contributing to AHR.
Thus, AHR remains a complex component of asthma.
Although airway inflammation is likely a contribu-
tor to symptoms and airflow limitations in asthma,
attention has shifted to structural alteration in
the airway as the dominant factor in the regulation
of AHR.

CONCLUSIONS

Defining the contribution of airway inflammation
to AHR depends on many aspects. First, it depends
on the component of AHR that is measured, persis-
tent vs variable. Although this is an arbitrary division,
it does allow for evaluation of structural changes vs
the variable level (ie, inflammation). Second, the
measurement of AHR is influenced by the methods
used to detect it, whether it is methacholine causing
a direct constriction of airway muscle or other sub-
stances that are indirect activators and reflect inflam-
mation. Dissecting whether structural orinflammatory
changes influence AHR will provide greater insight
into this mechanism of asthma. The emerging data
suggest that it is the structural changes of the airway
that contribute to AHR; included in these structural
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changes are those of remodeling and smooth muscle

hypertrophy.
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