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Abstract

Background—Airway type 2 inflammation is usually corticosteroid sensitive, but the role of
type 2 inflammation as a mechanism of asthma in patients receiving high-dose inhaled
corticosteroids (ICSs) is uncertain.

Objective—We sought to determine whether airway type 2 inflammation persists in patients
treated with ICSs and to evaluate the clinical features of patients with steroid-resistant airway type
2 inflammation.

Methods—We used quantitative PCR to generate a composite metric of type 2 cytokine gene
expression (type 2 gene mean [T2GM]) in induced sputum cells from healthy control subjects,
patients with severe asthma receiving ICSs (n = 174), and patients with nonsevere asthma
receiving ICSs (n = 85). We explored relationships between asthma outcomes and T2GM values
and the utility of noninvasive biomarkers of airway T2GM.

Results—Sputum cell T2GM values in asthmatic patients were significantly increased and
remained high after treatment with intramuscular triamcinolone. We used the median T2GM value
as a cutoff to classify steroid-treated type 2—low and steroid-resistant type 2—high (srT2-high)
subgroups. Compared with patients with steroid-treated type 2—low asthma, those with srT2-high
asthma were older and had more severe asthma. Blood eosinophil cell counts predicted srT2-high
asthma when body mass index was less than 40 kg/m? but not when it was 40 kg/m? or greater,
whereas blood IgE levels strongly predicted srT2-high asthma when age was less than 34 years but
not when it was 34 years or greater.

Conclusion—Despite ICS therapy, many asthmatic patients have persistent airway type 2
inflammation (srT2-high asthma), and these patients are older and have more severe disease. Body
weight and age modify the performance of blood-based biomarkers of airway type 2 inflammation.

Keywords
Severe asthma; type 2 inflammation; steroid resistance; biomarkers

Asthma affects 300 to 400 million persons worldwide,! and the 5% to 10% of asthmatic
patients with severe disease account for much of the public health burden of asthma.2
Airway type 2 inflammation mediated by type 2 cytokines (IL-4, IL-5, and IL-13) is a key
pathologic mechanism of asthma,? but the role of type 2 inflammation in patients with
severe asthma is not fully understood. Inhaled corticosteroids (ICSs) are a mainstay
treatment for asthma because they decrease airway type 2 inflammation,* but many patients
continue to experience asthma exacerbations, asthma symptoms, and airflow obstruction
despite ICS treatment.> One possibility is that some patients have persistent airway type 2
inflammation despite ICS therapy. Alternatively, some patients can have a type 2-low
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asthma endotype that is not effectively treated by ICSs. There are few studies to guide
thinking about which of these 2 possibilities is operating in patients with severe asthma.

Recently, we have shown that it is feasible to quantify airway type 2 inflammation using
PCR-based measures of expression of type 2 cytokines (/L4, /L5, and /L13) in induced
sputum cells.5 We also proposed the type 2 gene mean (T2GM) as a composite metric of
gene expression for /L4, /L5, and /L13in sputum cells.® Sputum cell T2GM provides a
sensitive and specific measure of airway type 2 inflammation, and it allows quantitative
analysis of type 2 inflammation in large patient cohorts.® The Severe Asthma Research
Program (SARP) cohort includes patients with nonsevere and severe forms of asthma who
undergo detailed characterization studies and collection of biospecimens, including induced
sputum.”:8 The majority of patients in the cohort are treated with 1CSs, usually in high
doses.8 To determine whether airway type 2 inflammation persists in patients with asthma
treated with ICSs and the clinical features of the subgroup with steroid-resistant airway type
2 inflammation, we measured T2GM values in induced sputum in the SARP cohort in an
analysis restricted to patients receiving ICSs.

METHODS
Study design

Subjects studied included a reference (healthy) cohort and a cohort of adult asthmatic
patients recruited by 7 clinical centers in the National Health and Blood Institute’s SARP-3.7
The SARP protocol is an ongoing, 6-visit, 3-year, longitudinal cohort study in which 60% of
participants have severe asthma, as defined by the European Respiratory Society/American
Thoracic Society criteria.> The visit structure of the SARP protocol is outlined in Fig E1 in
this article’s Online Repository at www.jacionline.org. The first baseline visit included
completion of medical history and asthma control questionnaires, spirometry, measurement
of fraction of exhaled nitric oxide (Fgno), immunologic tests (ImmunoCAP), and
biospecimen collection (induced sputum and blood). In addition, maximum bronchodilator
reversibility tests (spirometry before and after 4-8 puffs of albuterol) were performed on
baseline visits 2 and 3, and participants also underwent a systemic corticosteroid response
test. The systemic corticosteroid response test involved an intramuscular injection of
triamcinolone acetonide (40 mg) on baseline visit 2 and repeat characterization (including
maximum bronchodilator reversibility tests, sputum induction, and blood draw) on visit 3
(2—4 weeks later).

Healthy subjects—Healthy control subjects (n = 57) were recruited between November 1,
2012, and October 1, 2015. All healthy control subjects had no history of pulmonary
disease, allergic rhinitis, or any other atopic disease. Each of the 7 centers was required to
recruit a minimum of 7 healthy control subjects. The healthy control subjects recruited
across all centers were required to be greater than 55% female, greater than 40% older than
45 years of age, and greater than 20% of African American race to ensure that the
demographic characteristics of the healthy control group resembled those of the asthmatic
patients. The recruitment strategy for the healthy control cohort was continuously monitored
by using the SARP data coordinating center to ensure appropriate recruitment. In pulmonary
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function tests all healthy control subjects had normal airway responses to inhaled
methacholine and normal FEV; (FEV; percent predicted >80%). Four healthy control
subjects were excluded for having evidence of significant atopy (>5 positive test results for
common aeroallergens on Immuno-CAP immunologic testing).

Asthmatic patients—Five hundred twenty-eight adult (age >18) asthmatic patients were
recruited by SARP-3 centers between November 1, 2012, and October 1, 2015. The SARP
protocol included 2 baseline visits, with a 40-mg triamcinolone steroid injection at the
second visit and a follow-up visit 2 weeks later. At each visit, patients underwent detailed
disease characterization and provided samples of blood and induced sputum.” Of the 528
adult subjects enrolled in the SARP-3 protocol, 55 were not taking ICSs. We restricted our
analysis to the subgroup of asthmatic patients receiving ICSs (n = 473). Additional details
about recruitment methods, subject enrollment, study measurements, and study procedures
are provided in the Methods section in this article’s Online Repository at
www.jacionline.org.

Sputum induction and processing

Sputum induction and processing were performed by using a standard procedure in all
subjects.® Briefly, subjects inhaled nebulized 3% saline through a mouthpiece for 12
minutes, as previously described.? Subjects interrupted inhalation at 2-minute intervals to
spit saliva into a saliva cup and induced sputum into a sputum cup. Saliva was discarded, and
induced sputum was processed. A 10% solution of Sputolysin (EMD Millipore, Burlington,
Mass) was added at a 1:1 gram per milliliter (sputum weight/Sputolysin) ratio to the induced
sputum, mixed with a serologic pipette, and placed in a 37°C shaking water bath for 15
minutes. Samples were removed at 5-, 10-, and 15-minute intervals for additional mixing
with the pipette, and a portion of this sample was used to determine total and differential cell
counts, as previously described.® The sample was then centrifuged in the cold (4°C) at 2000
rpm for 10 minutes. The cell pellet was then resuspended in 1 mL of Qiagen RNAprotect
Saliva Reagent (Qiagen Hilden, Germany). All pellets were stored at —80°C.

RNA extraction

RNAwas extracted from sputum cells with the RNeasy Qiagen kit (Qiagen) by using
previously described methods.® RNA quality was measured with the Agilent 2100
bioanalyzer (Biogen, Weston, Mass), which performs electrophoretic separations according
to molecular weight. Each sample was assighed an RNA integrity number (RIN) based on
the extent of RNA degradation. An RIN of 10 indicates intact RNA, whereas an RIN of 1
indicates totally degraded RNA.10 Samples with RIN values of less than 5 were excluded
from analysis (see Fig E2 in this article’s Online Repository at www.jacionline.org).11
Purified RNA was placed in aliquots and stored at — 80°C.

Acceptable sputum sample

Samples were considered acceptable for PCR analysis if they had a squamous cell value of
less than 80% and an RIN value of 5 or greater.
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PCR-based measures of type 2 inflammation

By using previously described methods,® real-time TagMan-based quantitative PCR was
performed on RNA extracted from induced sputum cell pellets. The genes for 3 type 2
cytokines (/L4, IL5, and /L 13) were measured, and the genes for /FNG and /L17were
measured for comparison. Expression levels of 4 housekeeping genes (GAPDH, PPIA,
YWHAZ, and PSMBZ2) were also measured.

Some reactions for the genes of interest did not yield a cycle threshold (CT) value after 40
cycles, and here we assigned a CT value equal to the highest CT value detected in other
samples for that gene. All CT values were in the linear portion of the amplification curve.
Gene expression data were normalized to the geometric mean of the 4 housekeeping genes.
Gene expression data are displayed as log, normalized. Details of the primers and probes are
provided in Table E1 in this article’s Online Repository at www.jacionline.org. As a
composite metric of airway type 2 gene expression, we averaged gene expression of /L4,
/L5, and /L1310 generate the T2GM value, as previously described.®

Statistical methods

Statistical analyses were performed with the JMP 12 software package (SAS Institute, Cary,
NC) and Stata 15.0 (StataCorp, College Station, Tex), and P values of less than .05 were
taken as statistically significant. Two group comparisons for continuous variables were made
by using the Student #test when normality assumptions were met or Wilcoxon rank sum
tests when normality assumptions were not met. Two group comparisons for dichotomous
variables were made by using a Pearson XZ test. Tests for trends across ordered groups were
performed by using a Wilcoxon-type test for trend.12

To assess the relationship between biomarkers of airway type 2 inflammation and the
T2GM, we used ordinary least squares (OLS) linear regression models with T2GM as the
dependent variable. In these models the predictor variables were log-transformed blood
eosinophil cell counts, log-transformed sputum eosinophil percentages, log-transformed
serum IgE levels, and Fgno measures. Interaction terms were constructed between body
mass index (BMI) and each of the biomarkers of airway type 2 inflammation on the
dependent variable of the T2GM. This was repeated for the interaction of age and each of
the biomarkers of airway type 2 inflammation. Age and BMI were divided into 5 categories
for OLS regression models. Wald tests were performed by using the testparm command in
STATA software to assess the statistical significance of interaction terms.13 Marginal effects
for statistically significant interactions were assessed by using the margins command in
STATA software.13 As a sensitivity analysis, we repeated all of the OLS linear regression
models by using quantile regression models with robust SEs. Receiver operating
characteristic (ROC) curves and tests of equality of the ROC area under the curve (AUC)
were made by using the rocgold command in STATA software.13
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Acceptable sputum samples were available from 259 of the 473 adult asthmatic patients
receiving ICSs at the baseline visit, 283 of the 473 adult asthmatic patients receiving ICSs at
the poststeroid baseline visit, and 30 of the healthy control subjects (see Fig E2). Subjects’
demographics did not differ significantly between subjects with sputum samples compared
with subjects without sputum samples (see Tables E2 and E3 in this article’s Online
Repository at www.jacionline.org).

CT exclusion criteria for housekeeping genes

Gene expression for type 2 cytokines was 8 CT values greater on average than gene
expression for the housekeeping genes. Based on this, we excluded data from sputum cell
samples in which the CT for any 2 housekeeping genes was greater than 20 (see Fig E2). In
our initial publication describing methods of quantitative PCR—based gene profiling in
sputum cells from a smaller number of patients, we excluded data from sputum cell samples
in which the CT for any 2 housekeeping genes was greater than 35.% Based on data from the
larger patient cohort studied here, we consider a CTof 20 to be better because it ensures that
all measures of type 2 cytokine gene expression are in the linear portion of the amplification
curve.

Refractory airway type 2 inflammation in a large subgroup of asthmatic patients treated

with ICSs

Mean gene expression levels in induced sputum cells for individual /L4, /L5, and /L13
cytokines was significantly greater in asthmatic patients than in healthy control subjects (Fig
1, A-C), and the T2GM value was also significantly increased (Fig 1, D). In contrast, mean
gene expression levels in induced sputum cells for /FNG and /L 17 were not significantly
different in asthmatic patients than in healthy control subjects (Fig 1, £and F). Treatment
with intramuscular triamcinolone did not significantly decrease gene expression of /L4, /L5,
and /L13cytokines (Fig 1, A-C). The triamcinolone injection had a minimal effect on the
T2GM value, which decreased by 3% on average and did not reach the level of statistical
significance (P=.19; Fig 1, D). Despite taking higher doses of ICSs, patients with severe
asthma had significantly greater T2GM values than patients with nonsevere asthma (Fig 1,
F). Mean gene expression levels in induced sputum cells for /FNG and /L17were not
significantly different in asthmatic patients than in healthy control subjects and did not
change after the triamcinolone injection (Fig 1, Fand G).

Clinical features of steroid-treated type 2—low and steroid-treated type 2—high asthma

The median split value for T2GM in the asthma subgroup approximated the 90th percentile
value for the T2GM value in the healthy subgroup (Fig 1, D), and we used the 50th
percentile value in asthma as a cutoff to classify the steroid-treated type 2—low (stT2-low)
and steroid-resistant type 2—high (srT2-high) subgroups. In effect, this means that 50% of
the asthmatic patients had refractory type 2 inflammation in their airways despite ICS
treatment. Subjects with srT2-high asthma were significantly older than those with stT2-low
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asthma (Table 1). To further explore the effect of age on T2GM, we divided asthmatic
patients into quintiles based on age (quintile 1, 18.3-33.6 years [n = 52]; quintile 2, 33.8-
45.0 years [n = 52]; quintile 3, 45.3-52.9 years [n = 52]; quintile 4, 52.9-61.6 years [n =
52]; and quintile 5, 62.0-84.4 years [n = 51]). We found that T2GM values were
significantly greater in the older age quintiles than in the younger age quintiles (Fig 2, A). In
contrast to the positive relationships we found between age and T2GM values, we found that
subgroups of patients with srT2-high and stT2-low asthma had similar BMls (Table 1) and
that T2GM values did not increase significantly from low to high BMI classes, as defined by
World Health Organization guidelines (Fig 2, B).14

Compared with patients with stT2-low asthma, patients with srT2-high asthma had more
severe asthma, as evidenced by lower FEV4, higher frequency of asthma exacerbations in the
prior year, and higher frequency of a severe asthma diagnosis (Table I). Subjects with srT2-
high asthma also had higher blood and sputum eosinophil cell counts (Table I and see Fig E3
in this article’s Online Repository at www.jacionline.org), higher Fgno measures, higher
blood IgE measures (Table 1), and slightly increased sputum cell gene expression for /FNG
and a trend for higher /L17levels (Table I).

Numbers of patients with srT2-high asthma differed among patients with nonsevere and
severe asthma in the SARP cohort. Although 40% of the patients with nonsevere asthma had
srT2-high asthma, 55% of the patients with severe asthma had srT2-high disease (P=.02).
Although the majority of patients with severe asthma had srT2-high asthma, 45% of patients
with severe asthma did not have an increase in their sputum cell T2GM values. Among this
large stT2-low subgroup, we noted that 54% had an FEV; of less than 80%, and 20% were
exacerbation prone (>2 exacerbations in the past year, Table 1).8 As a sensitivity analysis, we
repeated these comparisons by using quantile regression models and found similar results
(see Table E4 in this article’s Online Repository at www.jacionline.org).

Utility of noninvasive biomarkers as tests of refractory airway type 2 inflammation

Blood IgE levels, blood eosinophil counts, sputum eosinophil counts, and Fgng values are
noninvasive biomarkers of airway type 2 inflammation.1® To compare the performance of
these tests as biomarkers of refractory airway type 2 inflammation, we used ROC analysis.
Sputum and blood eosinophil counts outperformed blood IgE levels and Fgpo values for
predicting srT2-high asthma (Fig 3). Specifically, AUC values for sputum eosinophil counts
(0.79; 95% ClI, 0.72-0.84) and blood eosinophil counts (0.76; 95% CI, 0.70-0.82) were
statistically greater than the AUC values for IgE (0.62; 95% CI, 0.55-0.69; £<.002 for both
comparisons) and trended toward being greater for Fgno values (0.72; 95% ClI, 0.66-0.78; P
= .09 for comparison of Fgno values with sputum eosinophil counts and P = .34 for
comparison of Fgyno values with blood eosinophil counts; Fig 3).

Because type 2 inflammation increased with age (above) and because prior reports show that
obesity modifies the relationships between systemic and airway measures of type 2
inflammation in asthmatic patients,16 we explored whether age or BMI influenced the
performance of noninvasive biomarkers as predictors of sputum cell T2GM values. For this
analysis, we built linear regression models. In these models the outcome variable was the
T2GM values, and the predictor variables were age (by age quintile) and each of 4 type 2
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biomarkers (blood IgE levels, blood and sputum eosinophil counts, and Fgno values). We
included interaction terms for age and each of the 4 type 2 biomarkers, and we constructed
linear regression models with predictor variables of BMI (by World Health Organization
obesity categories) and each of the 4 type 2 biomarkers and interaction terms for BMI and
each of the 4 type 2 biomarkers. We did not find any effect of age or BMI on the
performance of sputum eosinophil cell percentages or Fgno values as predictive biomarkers
for the sputum cell T2GM (see Tables E5 and E6 in this article’s Online Repository at
www.jacionline.org). However, we found a strong modifying effect of age on the
relationship between blood IgE levels and sputum cell T2GM values (P value test for
interaction = .004). Specifically, the correlation between blood IgE levels and sputum cell
T2GM values was strong in patients in age quintile 1 (age <33.6 years) but decreased in the
older patients in age quintiles 2 to 5 (Fig 4, A). In addition, we found a strong modifying
effect of BMI on the relationship between blood eosinophil counts and sputum cell T2GM
values (Pvalue test for interaction = .02). Specifically, although blood eosinophil cell counts
correlated well with sputum cell T2GM values in patients with a BMI of less than 40 kg/m?,
the correlation decreased with increasing BMI and was very weak in morbidly obese
patients (BMI >40 kg/m?; Fig 4, B).

To illustrate this point more clearly, we used an ROC analysis. Although blood eosinophil
counts are a strong predictor of stT2-high asthma in asthmatic patients with a BMI of less
than 40 kg/m? (AUC, 0.80), they are a poor predictor of patients with stT2-high asthma with
a BMI of 40 kg/m? or greater (AUC, 0.57; see Fig E4 in this article’s Online Repository at
www.jacionline.org). As a sensitivity analysis, we repeated these OLS models using quantile
regression models and found similar results (see Fig E5 in this article’s Online Repository at
www.jacionline.org).

Treatment responses in patients with srT2-high and stT2-low asthma

The treatment response to bronchodilators and systemic corticosteroids was better in patients
with srT2-high asthma than in those with stT2-low asthma. Specifically, for the maximum
bronchodilator reversibility test, which involved measurement of spirometry before and after
4 to 8 puffs of albuterol, the FEVq response in patients with srT2-high asthma was
significantly greater than in patients with stT2-low asthma (Fig 5, A). Similarly, for the
systemic corticosteroid response test, which involved measurement of spirometry before and
2 to 4 weeks after an intramuscular injection of triamcinolone acetonide (40 mg), the FEVq
response in the patients with srT2-high asthma was significantly greater than in the patients
with stT2-low asthma (Fig 5, B).

To compare the discriminating ability of the T2GM value to predict improvement in FEV;
with corticosteroid treatment, we again used an ROC analysis. We found that the sputum cell
T2GM performed better than blood eosinophil cell counts for predicting a 5% absolute
change in FEV percentage after triamcinolone (AUC, 0.71 vs 0.59; £=.001; Fig 5, C). The
T2GM value also performed better than sputum eosinophil counts (AUC, 0.63; £=.01),
Feno values (AUC, 0.61; £=.02), and blood IgE levels (AUC, 0.56; £=.003; Fig 5, ). Asa
sensitivity analysis, we also evaluated the discriminating ability of the T2GM value for
predicting a 7.5% absolute change and a 10% absolute change in FEVq percentage after the
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triamcinolone injection. In these analyses the T2GM value was also a superior predictor than
the other type 2 biomarkers (see Fig E6 in this article’s Online Repository at
www.jacionline.org).

Clinical features of persistently srT2-high asthma

One hundred ninety-six of the 259 asthmatic patients (76%) had paired T2GM
measurements before and after the triamcinolone injection. We divided these subjects into 4
groups based on the change in T2GM value after triamcinolone injection. T2GM
measurements were initially low and remained less than the T2-high threshold value after
triamcinolone injection in 71 (36%) subjects (group 1); T2GM measurements were initially
low and increased to greater than the T2-high threshold after triamcinolone in 25 (13%)
subjects (group 2); T2GM measurements were initially high and decreased to less than the
T2-high threshold after triamcinolone in 41 (21%) subjects (group 3), and T2GM
measurements were initially high and remained at greater than the T2-high threshold after
the triamcinolone injection in 59 (30%) of subjects (group 4, see Table E6). Compared with
groups 1 to 3, subjects in group 4 (resistant T2-high subjects) were older and had more
severe asthma (see Table E7 in this article’s Online Repository at www.jacionline.org).

DISCUSSION

In this study we report that airway type 2 inflammation is not suppressed in approximately
half of asthmatic patients treated with ICSs, and we describe how patients with srT2-high
asthma are older and have more severe asthma than patients with stT2—low disease. We also
show that age and BMI influence the performance of blood- and breath-based biomarkers of
refractory airway type 2 inflammation. Our data have implications for understanding the
numbers of patients who are eligible for treatment with specific inhibitors of the type 2
inflammation pathway and for how biomarkers can be used to identify such patients.

The proportion of patients with srT2-high asthma was greater in those with severe asthma
than in those with nonsevere asthma. This is consistent with the idea that type 2 airway
inflammation is refractory to treatment with corticosteroids in a subgroup of asthmatic
patients and that incompletely suppressed type 2 inflammation is a mechanism of severe
asthma. An argument against this interpretation would be that patients with severe asthma
might not be compliant with corticosteroids and that their disease could be brought under
control with proper compliance or higher doses of corticosteroids. This argument is not
supported by the fact that systemic corticosteroid treatment did not significantly decrease the
sputum cell T2GM values in these patients. Thus it is more likely that corticosteroids do not
fully suppress type 2 inflammation in many patients and that these patients stand to benefit
from adjunctive treatment with specific inhibitors of type 2 inflammation, including
inhibitors of type 2 cytokine or inhibitors of the prostaglandin D receptor 2.17-21

We found that treatment with intramuscular triamcinolone did not significantly decrease
airway gene expression for type 2 cytokines in induced sputum cells. Although unexpected,
our data are not the first to suggest that corticosteroids have limited effects on airway
inflammation in patients with severe forms of asthma. For example, it has been reported that
dexamethasone only weakly decreases IL-13 production in lung lymphocytes from patients
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with moderate-to-severe asthma, whereas it strongly inhibits IL-13 production in lung
lymphocytes in patients with mild asthma.22 In addition, we have shown previously that
systemic corticosteroids have limited effects on airway inflammation and lung function in
the same SARP cohort studied here.23 For example, we showed previously that the effect of
intramuscular triamcinolone on sputum eosinophil counts and Fgno values in the SARP
cohort (most of whom were taking inhaled or oral corticosteroids) was relatively modest.
Specifically, the absolute triamcinolone-associated reduction in sputum eosinophil
percentages was 0.2 and in Fgyo values was 2 ppm in adults with severe asthma.
Furthermore, the effect of triamcinolone on lung function was also modest (only 20% of
patients with severe asthma had an improvement in FEV1 of 10% or greater with parenteral
corticosteroids, and the overall steroid-associated improvement in FEV; was only 3%).23
Taken together, these data indicate that the effect of additional systemic corticosteroids is
blunted in patients with severe asthma already receiving high-dose inhaled steroids and that
airway type 2 inflammation can remain increased in asthmatic patients in spite of high doses
of corticosteroids.

We found that steroid-resistant airway type 2 inflammation was significantly greater in older
asthmatic patients compared with younger asthmatic patients, a finding that provides a clue
for how corticosteroid resistance develops. One possibility is that immunosenescence results
in decreased regulatory T-cell activity that renders older patients who are more susceptible to
type 2 inflammation.24 Alternatively, prior work has suggested that lung lymphocyte
production of type 2 cytokines is not suppressed by corticosteroid treatment in patients with
severe asthma.22 Thus prolonged exposure to high doses of ICSs over time can render
lymphocytes resistant to the suppressive effects of corticosteroid treatment.

In examining the utility of noninvasive biomarkers as tests of refractory airway type 2
inflammation, we found that sputum and blood eosinophil counts outperformed blood IgE
measures and Fgno Vvalues as predictors of refractory type 2-high asthma. However, we also
noted that age and BMI were significant modifiers of the performance of noninvasive
biomarkers of airway type 2 inflammation. Most importantly, blood eosinophil counts
performed poorly as a biomarker in morbidly obese patients, and blood IgE levels performed
surprisingly well in patients younger than 35 years. These data are highly relevant to
decisions for when to treat patients with severe asthma with protein therapeutics. In
particular, care is needed in ruling out adjunctive treatment with inhibitors of type 2
inflammation in morbidly obese patients with low eosinophil counts. According to our data,
the blood eosinophil number might be a poor indicator of airway type 2 inflammation in this
asthma subgroup.

Our data provide new insights about bronchodilator responsiveness and airway type 2
inflammation. Specifically, we show that the treatment response to albuterol is better in the
srT2-high asthma subgroup than in the stT2-low asthma subgroup. We do not believe that
this effect of type 2 inflammation has been shown before, although eosinophilic
inflammation has been more strongly associated with reversibility than other measures of
lung function.2> The mechanism of this effect is not clear but could be related to the role of
IL-13 in inducing proliferation and hypercontractility of airway smooth muscle cells.2
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Based on sputum cell T2GM values, 45% of patients with severe asthma did not have
increased type 2 inflammation in their airways. However, many of them had abnormal FEVy
or were exacerbation prone. We propose that these patients are less likely to benefit from
treatment with inhibitors of type 2 inflammation. In exploring other mechanisms of disease
in this subgroup, we found no increases in gene expression for IL-17 or IFN-vy in their
sputum cells, and we are unable to point to the mechanism of persistent airway disease in
these patients.

Our study adds to the growing number of studies that have used gene expression data from
sputum cells to explore patterns of airway inflammation in asthmatic patients.2”=29 In
general, these studies find a subgroup of asthmatic patients with high type 2 gene expression
measures who are phenotypically distinct from patients with low type 2 gene expression,
21-29 hyt not all studies report this.30

In summary, we conclude that many asthmatic patients treated with ICSs have increased
type 2 inflammation in their airways and that these steroid-treated patients with type 2-high
asthma are older and have more severe asthma. This asthma subgroup is eligible for
adjunctive treatment with specific inhibitors of type 2 inflammation, but care needs to be
exercised in identifying eligible patients by using blood- or breath-based biomarkers because
age and BMI modify the performance of these biomarkers as indicators of refractory airway
type 2 inflammation.

METHODS
SARP patients

Adult asthmatic patients were recruited to SARP from November 1, 2012, to October 1,
2015, by 7 clinical research centers (including UCSF) across the United States. Recruitment
techniques varied by study site and included use of physician-to-physician letters, physician-
to-patient letters, newspaper advertisements, direct mail, television advertising, poster flyers
in the local community and clinics, mass e-mail to students/faculty, and use of recruitment
databases.

The SARP protocol included 2 to 3 baseline characterization visits in which patients
underwent detailed characterization and provided a sample of venous blood and induced
sputum. Inclusion criteria mandated that at least 60% of patients met the American Thoracic
Society/European Respiratory Society definition for severe asthma. The medication
requirements for this definition included treatment with either continuous or near-continuous
systemic corticosteroids or high-dose ICSs (>880 ug of fluticasone daily or equivalent) for at
least half of the past year and continuously for the prior 3 months, plus a second controller
medication (ie, a long-acting f-agonist or leukotriene modifier). In addition to the
medication requirement, patients with severe asthma had to meet at least 1 minor criterion
that indicated persistence of significant asthma impairment or report that their symptoms
deteriorated immediately after a medication taper. The remaining 40% of patients with
asthma did not meet the criteria for severe asthma and were classified as having nonsevere
asthma. All patients were nonsmokers (<10 pack-years of tobacco use if >30 years of age;
<5 pack-years if <30 years of age) and required to have evidence of bronchial
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hyperresponsiveness (defined as a PC,o methacholine value <16 mg/mL) or reversible
airflow obstruction, as evidenced by an increase in FEV of 12% or greater after albuterol
inhalation (<720 pg), ipratropium bromide inhalation (136 pg), or both.

Patients were excluded if they were pregnant or breast-feeding during the initial
characterization period, had a history of premature birth (<35 weeks gestation), or had a
diagnosis of any other chronic pulmonary disorder. SARP patients younger than 18 years of
age were excluded from analysis.

Patients completed comprehensive phenotypic characterization similar to patients recruited
at UCSF, including a physician-directed history, Asthma Control Test, spirometry, maximum
bronchodilator reversibility (see below), complete blood count with cell differential, induced
sputum cell counts, serum IgE measurements, and Fgyo measurements. In addition, patients
completed extensive questionnaires that characterized asthma symptoms, quality of life,
medication use, and health care use. The SARP protocol included 2 baseline visits in which
patients underwent detailed characterization studies and provided samples of venous blood
and induced sputum. Data reported here are from these 2 baseline visits. All patients signed
an informed consent form approved by their local institutional review board.

Procedures for withholding asthma and allergy medications

SARP asthmatic patients were also asked to hold their bronchodilator medications before
spirometric testing. The medication holds for SARP were as follows: short-acting p-
agonists, 4 hours; short-acting anticholinergics, 6 hours; long-acting p-agonists, 12 hours;
long-acting muscarinic antagonists, 24 hours; and leukotriene modifiers, 24 hours.

Maximum bronchodilator reversibility test (SARP)

Patients were evaluated for baseline spirometry, after which 4 puffs of albuterol (360 g)
were administered. Spirometry was then repeated after 15 minutes. An additional 2 puffs of
albuterol (180 pg) were then administered, and spirometry was repeated again after 15
minutes. If the change in FEV; from the spirometric maneuver performed after 4 puffs and
after 6 puffs was greater than 5%, an additional 2 puffs of albuterol were administered with
repeat spirometry after an additional 15 minutes. If the change was less than 5%, the
procedure was stopped, and the last maneuver was taken to be the highest achievable
measure. No more than 8 puffs of albuterol were administered as part of the maximum
bronchodilator reversibility procedure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key messages

. ICSs or systemic corticosteroids do not fully suppress airway type 2
inflammation in a large subgroup of patients with severe asthma.

. Patients with steroid-resistant T2-high asthma are characterized by older age
and more severe disease.

. Body weight and age modify the performance of blood-based biomarkers of
airway type 2 inflammation.
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FIG. 1.
Sputum gene expression measures in 30 healthy control subjects, 259 asthmatic patients

receiving ICSs before intramuscular injection of triamcinolone (Pre-CS), and 283 asthmatic
patients receiving ICSs after a 40-mg intramuscular injection of triamcinolone (Post-CS). A—
C, Measures of /L4, /L5, and /L13are greater in asthmatic patients receiving 1CSs
compared with healthy control subjects and remain increased after triamcinolone injection.
D, T2GM values (a summary metric of IL-4, IL-5, and IL-13 sputum gene expression) are
significantly greater in asthmatic patients receiving ICSs than in healthy subjects at baseline
and remains significantly greater after the triamcinolone injection. Asthmatic patients with
values greater than the median T2GM value (Pre-CS) were classified as having srT2-high
asthma, and patients with values of less than this median value were classified as having
stT2-low asthma. E and F, Measures of /FNG and /L17are no different in asthmatic patients
compared with those in healthy control subjects. G, Kernel density plot demonstrating
T2GM values are lower in healthy control subjects (b/ack line) compared with patients with
nonsevere asthma (blue line) or patients with severe asthma (red line; P< .01). T2GM
measures are significantly greater in patients with severe asthma compared with those in
patients with non-severe asthma (P < .01). *Significantly different from healthy control
subjects: P< .05.
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A, T2GM measures a gradual increase in older subjects. Age quintiles: 1, 18 to 33.7; 2, 33.8

to 45.1; 3, 45.3t0 52.9; 4, 52.9t0 61.6; and 5, 62.0 to 84.4. B, T2GM measures do not

change in more obese subjects. WHQO, World Health Organization.
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FIG. 3.

A, ROC curves for type 2 biomarkers for the outcome of srT2-high asthma. £os,
Eosinophils. B, Performance characteristics of blood eosinophil cell counts for predicting
srT2-high asthma. *Blood eosinophil cell counts of 189 cells/uL or greater had the highest
specificity and sensitivity for differentiating stT2-high asthma from stT2-low asthma. LR,
Likelihood ratio.
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A Relationship between IgE and T2GM by Age Quintile B Relationship between Blood Eosinophils and T2GM by WHO Obesity
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Age Quintile N (%) dy/dx P- WHO Obese N (%) dy/dx P-
(year range) value Category (BMI value
range)
1(18.0-33.7) 52 (20) 0.36 ref 1(18-24.9) 42 (16) 0.74 0.0008
2(33.8-45.1) 52 (20) 0.12 0.0212 2(25-29.9) 71(27) 0.56 0.0049
3 (45.3-52.9) 52 (20) 0.17 0.0893 3 (30-34.9) 62 (24) 0.44 0.0333
4 (52.9-61.6) 52 (20) -0.03 0.0001 4 (35-39.9) 34 (13) 0.64 0.0231
5 (62.0-84.4) 51 (20) 0.11 0.0194 5 (40-69.8) 50 (19) -0.01 ref

FIG. 4.
A, Relationship between serum IgE levels and T2GM values is modified by age (Wald test

for interaction, P=.004). Five linear regression lines demonstrate the relationship between
log-transformed serum IgE levels and T2GM values subgrouped by age quintiles. Asthmatic
patients in the youngest quintile have serum IgE levels that strongly correlate with airway
T2GM measures (red ling), whereas this relationship decreases in the older quintiles (green,
blue, maroon, and orange lines). B, Relationship between blood eosinophil counts and
T2GM values is modified by BMI (Wald test for interaction, 2= .02). Five linear regression
lines demonstrate the relationship between log-transformed blood eosinophil counts and
T2GM values subgrouped by World Health Organization (WHO) BMI categories. Although
asthmatic patients in BMI categories of less than 40 kg/m?2 have blood eosinophil counts that
correlate to airway T2GM measures (green, blue, maroon, and orange lines), this
relationship decreases in patients with BMI of 40 kg/m? or greater (red line). dy/dx,
Marginal effect of serum IgE levels on T2GM values stratified by age quintiles or the
marginal effect of blood eosinophil counts on T2GM values stratified by BMI WHO
classification. Pvalues are for (1) comparison of average marginal effects of the 4 oldest age
quintiles compared with the youngest (reference) quintile and (2) comparison of average
marginal effects of the 4 lowest BMI WHO categories compared with the highest (reference)
BMI WHO category.
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FIG. 5.
A, Maximal response to bronchodilators (BD-Response) is greater in patients with srT2-high

asthma compared with those with stT2-low asthma. B, Absolute change in FEV1 percentage
2 weeks after a triamcinolone injection is greater in patients stT2-high asthma compared
with those with stT2-low asthma. C, ROC curves demonstrating T2GM values as a superior
predictor of a 5% absolute change in FEVq percentage 2 weeks after a triamcinolone
injection compared with other biomarkers of airway type 2 inflammation. *£ < .05 for the
T2GM AUC compared with other biomarkers. £0s, Eosinophils.
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Asthmatic patients P value
Healthy subjects (n

Characteristic =30) stT2-low (n=129) srT2-high (n=130) srT2-high vs stT2-low
Age ) 380(13.1) 462 (137)" 503 (14.0) 7 02
Female sex, no. (%) 18 (60) 81 (63) 96 (74) .06
Race, no. (%)7 .01

American Indian and Alaska Native 0(0) 1(1) 0 (0) .01

Asian 2(7) 1(1) 11 (9)

African American 4(13) 25 (19) 34 (26)

White 20 (67) 94 (73) 76 (59)

Native Hawaiian or other Pacific Islander 0(0) 0 (0) 0(0)

Mixed race 4(13) 8 (6) 9(7)
BMI (kg/m?) 26.7 (4.9) 33.0(8.8)" 324 (83)% 53
Percentage with BMI >30 kg/m? 6(21) 76 (59) 70 (54)* 41
Spirometry

FEV; (% predicted) 97.5 (12.2) 76.1 (19.2)* 69.5 (17.9)*" 005

FVC (% predicted) 98.0 (14.6) 85.9 (16.5) 84.1(16.2) " 36

FEV,/FVC ratio 99.3 (4.6) 87.5 (12.1) 81.7 (11.0)*" <.001

FEV; % <80, no. (%) 0 (0) 70 (54) 93 (72) .004
Blood cell counts (x 108/L)

Total white blood cells 6.0 (1.5) 75(2.7) 7.9(2.6) 21

Neutrophils 3422 (1526) 4585 (2269) * 4632 (2050) .86

Eosinophils 126 (62) 199 (157) * 399 (319) *t <.001
Serum IgE (1U/L) 55 (59) 265 (395) 468 (608) T <.001
Feno (ppm) 19 (14) 20 (16) 35 (23) *t <.001
No. of sIgEs (of 15)% 0(0-3) 3(1-6)" 4(1-8)" 15

Sputum cell counts (%)
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Healthy subjects (n

Asthmatic patients

P value

Characteristic =30) stT2-low (n=129) srT2-high (n =130) srT2-high vs stT2-low
Eosinophils 0.25 (0.1-0.7) 0.4 (0.1-0.7) 19(0.6-7.2)" <.001
Neutrophils 64 (45-79) 51 (34-73) 53 (37-75) 43

Sputum /L17gene expression$ 17.9 (24) 17.9(2.3) 18.3 (2.4) 14

Sputum /ENG gene expression$ 18.4 (2.0) 17.7(2.5) 18.5 (2.4) 01

ACT scorel/ 18 (14-21) 17 (14-21) 43

Severity ATS/ERS criteria .02
Mild 26 (20) 11 (9)

Moderate 25 (19) 23 (18)
Severe 78 (61) 96 (74)

Receiving high-dose ICS, no. (%) 80 (62) 98 (75) <.001

Receiving daily oral corticosteroids, no. (%) 13 (10) 19 (15) 27

Asthma exacerbations, no. (%)

No exacerbation in past year 63 (49) 41 (39) .02
One to 2 exacerbations in past year 39(31) 51 (40)
More than 2 exacerbations in the past year 26 (20) 36 (28)

E\g/e;:essitating hospitalization in past year, no. 16 (12) 13 (10) .54
0

Necessitating ED visit in past year, no. (%) 33(26) 30(23) .64

Age of asthma onset (y) 15.8 (13.7) 18.1(16.1) 22

Maximal BD response test (FEV; %) 9.7 (7.1) 14.0 (8.6) <.001

SCRT (FEV; %) -0.06 (7.1) 5.3 (8.9) <.001

Data are reported as means (SDs), unless otherwise indicated.

ACT, Asthma Control Test; A7S, American Thoracic Society; BD, bronchodilator; £D, emergency department; £RS, European Respiratory
Society; FVC, forced vital capacity; MBRT, maximal bronchodilator response test; SCRT7, systemic corticosteroid response test.

*
Indicates statistically different from healthy subjects (P < .05).

7LStatisticaIIy different between srT2-high and stT2-low asthma (P < .05).

ITotaI number of positive specific blood IgE test results (ImmunoCAP) of the 15 allergens tested.

§Gene expression data are in log2 scale normalized to 4 housekeeping genes.
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ACT scores range from 5 to 25, with lower scores indicating worse asthma control.

”Definition of high-dose ICSs is greater than or equal to the equivalent of 1000 pg of fluticasone daily.
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