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Abstract

Background—Severe asthma is a complex heterogeneous disease associated with older age and
obesity. The presence of eosinophilic (type 2) inflammation in some but not all patients with
severe asthma predicts responsiveness to current treatments, but new treatment approaches will
require better understanding of non-type 2 mechanisms of severe asthma. We considered the
possibility that systemic inflammation - which occurs in subgroups of obese and older patients -
modifies asthma to make it worse. Interleukin 6 (IL6) is a biomarker of systemic inflammation and
metabolic dysfunction, and we aimed to explore the relationship between IL6, metabolic
dysfunction, and asthma severity.

Methods—We generated a reference range in health for plasma IL6 in a cohort of healthy
controls (n=93). We compared the clinical characteristics of asthmatics with plasma IL6 levels
below and above the upper limit of normal (“IL6 low” and “IL-high” asthma) in two asthma
cohorts - predominantly non-severe asthmatics recruited at the University of California San
Francisco (UCSF)(n=249) and predominantly severe asthmatics recruited by the Severe Asthma
Research Program (SARP)(n=387).

Findings—The upper 95™ centile value for plasma IL6 in the healthy cohort was 3-1pg/mL, and
14% of UCSF cohort and 26% of the SARP cohort had plasma IL6 levels above this upper limit.
The “IL6-high” patients in both asthma cohorts had a significantly higher body mass index and a
higher prevalence of metabolic disease than the IL6-low patients (all p values < 0.01). IL6-high
patients also had significantly lower lung function and more frequent asthma exacerbations than
IL6-low patients (all p values < 0-01). Although 75% of IL6-high asthmatics were obese, 63% of
obese patients were IL6-low. Among obese patients, the forced expired volume in one second
(FEV1) was significantly lower in IL6-high than in IL6-low patients (mean FEV1 70-8 [S.D. 19-5]
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vs. 78:1 [19:7] % predicted, p = 0-002), and the percentage of patients reporting an asthma
exacerbation in the past 1-2 years was higher in IL6-high than in IL6-low patients (66 vs. 48%, p =
0-003). Among non-obese asthmatics, FEVV1% and asthma exacerbation outcomes were also
significantly worse in IL6-high than in IL6-low patients (mean FEV1 66-4 [SD 23-1] vs. 83-2
[20-4] % predicted, p< 0-01; 59 vs. 34 %, p=0-008).

Interpretation—Systemic IL6 inflammation and clinical features of metabolic dysfunction -
occurring most commonly among a subset of obese asthmatics but also in a small subset of non-
obese patients - is associated with more severe asthma. IL6 inhibitors or treatments that improve
metabolic dysfunction represent rational clinical trials to pursue for a subset of patients with
severe asthma, and plasma IL6 is a biomarker that could guide patient stratification.

Introduction

Asthma is a heterogeneous disease with variability in clinical features and in underlying
cellular and molecular mechanisms. Type 2 inflammation is clearly important in asthma, but
a significant subgroup of asthmatics do not have type 2 inflammation in their airways and do
not respond to treatments targeting this pathway (1). Many of these “Th2-low” asthma
patients have severe disease and have significant unmet treatment needs. Obesity is a
prominent clinical trait in severe asthma (2), but the mechanism of the association between
obesity and severe forms of asthma is uncertain. One possibility is that obesity-related
systemic inflammation contributes to development of severe asthma. Low-grade systemic
inflammation occurs in a subset of obese patients because adipocytes and inflammatory
macrophages in adipose tissue secrete a variety of pro-inflammatory cytokines (including
interleukin 6 [I1L6]) (3). Although this low-grade systemic inflammation is known to be
associated with development of insulin resistance, dyslipidemia, atherosclerosis, type 2
diabetes, and hypertension (3), surprisingly little attention has been paid to the role of
systemic inflammation and metabolic dysfunction as a risk for development of severe
asthma. Previous studies in relatively small sample sizes have described increases in plasma
IL6 in patients with asthma (4), and genetic studies have revealed that IL6 pathway genes
are associated with asthma (5), but these studies have not examined the relationship between
airway and systemic levels of IL6 in asthma, the role of systemic IL6 inflammation in
explaining the variable effects of obesity on asthma severity, and the relationship between
IL6 inflammation and type 2 inflammation in asthma.

Materials and Methods

Study Design

Subjects studied included a reference (healthy) cohort and two asthma cohorts -
predominantly non-severe asthmatics recruited at University of California, San Francisco
(UCSF) (n=249) and predominantly severe asthmatics recruited by the Severe Asthma
Research Program (SARP) (n=387). These cohorts were highly characterized with data
available for outcomes related to lung function, asthma control, and asthma exacerbations, as
well as data related to metabolic health. Data on history of diabetes was only available in the
SARP cohort. Both cohorts also had blood and airway bio-specimens available for analysis.
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Details about recruitment methods, subject enrollment, study measurements, and study
procedures are provided in the supplementary appendix.

UCSF Subjects—93 healthy control subjects and 249 asthma subjects had been recruited
to research studies in the UCSF Airway Clinical Research Center between 2005-2014. All
studies included 1-2 baseline visits, which used standardized protocols for clinical
characterization and collection, processing, and storage of blood and induced sputum.
Healthy subjects had no history of pulmonary disease, no history of atopic disease or allergic
rhinitis, and had normal airway responses to inhaled methacholine. Asthma subjects had a
prior physician diagnosis of asthma and either bronchial hyperresponsiveness (BHR) to
methacholine or reversible airflow obstruction. These subjects had no lifetime history of any
other pulmonary disease.

SARP Subjects—387 adult asthma subjects were recruited to the Severe Asthma
Research Program (SARP) between November 1, 2012 and October 1, 2014 by seven
clinical research centers (including UCSF) in the United States. The SARP protocol is an
ongoing, six visit, 3-year, longitudinal cohort study in which 60% of subjects have severe
asthma as defined by the American Thoracic Society/European Respiratory Society (ATS/
ERS) consensus (6). The SARP protocol included two baseline visits in which patients
underwent detailed characterization studies and provide samples of blood and induced
sputum. The data reported here is from these two baseline visits.

Plasma IL6 and C-reactive protein (CRP) Measurements

Assays were performed at UCSF using aliquots of Ethylenediaminetetraacetic acid (EDTA)
treated plasma and the high sensitivity human IL6 Quantikine ELISA Kit (R&D Systems,
Minneapolis, MN) (lower/upper limit of detection, 0-16/10-5 pg/mL). CRP was measured in
plasma from 38 UCSF healthy subjects and 123 UCSF asthma patients using the Quantikine
ELISA kit (R&D Systems, Minneapolis, MN) (lower/upper limit of detection, 0-78/20 ng/L).

Induced Sputum Measures

Total and differential cell counts were quantified in both UCSF and SARP patients using
methods previously described (7,8). IL6 protein was measured in induced sputum
supernatants from 109 UCSF asthma patients using the human IL6 DuoSet Kit (R&D
Systems Minneapolis, MN) (lower limit of detection, 9-38 pg/mL). The reliability of sputum
IL6 protein measures was confirmed by spike and recovery experiments (supplemental
appendix, Table S1). IL6 gene expression was measured from RNA isolated from induced
sputum cell pellets from 210 SARP asthma patients and 55 UCSF asthma patients using
previously described methods (9).

Statistical Methods

Analyses were performed using JMP 10 software package (SAS Institute, Cary, NC) and
Stata 12.0 (StataCorp College Station TX), and P values less than 0-05 were taken as
statistically significant. Three group comparisons between subjects in the UCSF Health,
UCSF Asthma, and SARP Asthma cohorts were made using an ANOVA followed by a
Bonferroni correction for continuous variables and a Fisher's exact test for categorical
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variables. Two group comparisons between IL6 high and IL6 low asthma were made with; a
student t-test for numeric variables with approximately normal distributions, a Wilcoxon
rank-sum for numeric variables with non-normal distributions, and a Fisher's exact test for
dichotomous variables. Correlation was performed using the Pearson's correlation to assess
the relationship between numeric variables with approximately normal distributions.
Numeric variables with non-normal distributions were log transformed to achieve normality
prior to Pearson's correlation analysis. Best-fit lines were constructed using least squares
regression. Linear and logistic regression modeling was used to assess the relationship
between natural log transformed plasma IL6 levels and measures of asthma control. Models
were constructed with and without adjustment for the covariates of age, BMI, blood
eosinophil cell counts, and corticosteroid use based upon biologic plausibility and using
directed acyclic graphs (Fig S2). The dependent variables (outcome) for the linear regression
models were FEV1, and forced vital capacity (FVC) % predicted. The dependent variables
for the logistic regression modeling were asthma exacerbation (defined as a course of
systemic corticosteroids) in the past one year (SARP cohort) or two years (UCSF asthma
cohort), asthma hospitalization in the past year, asthma-related emergency department visit
in the past year, and ATS/ERS criteria for severe asthma. Interaction terms were constructed
for the interaction between the predictor variables of plasma IL-6 and body mass index on
the dependent variables of asthma severity. Including these interaction terms did not
significantly alter the models and therefore were not included. Although all participants had
plasma IL-6 measured, not all participants had data for every study outcome, and analyses
used available data (missing data is described in the table footnotes and summarized in Table
S2).

Role of the funding source

Results

The funding source was research grants awarded by the US. National Institutes of Health -
Heart lung and Blood Institute (NHLBI). The NHLBI was involved in providing funding for
the Severe Asthma Research Program (SARP) and program officers from NHLBI designed
the structure of the SARP. An NHLBI program officer also participates as a member of the
SARP steering committee. The NHLBI was not involved in patient recruitment, data
collection, data analysis, data interpretation, or manuscript preparation.

Subject Demographics

The UCSF healthy cohort and the UCSF asthma cohort had a similar mean age, but the
SARP cohort was older and heavier than both the UCSF healthy cohort and the UCSF
asthma cohort (Table 1). The older age and higher body weight of the SARP cohort reflects
the recruitment methods for SARP, which emphasized inclusion of patients with severe
asthma who are known to be older and heavier.

Plasma IL6 (but not sputum IL6) is increased in a subset of asthmatics

To calculate a reference interval for plasma IL6 in health, we followed the guidelines of the
national committee for clinical laboratory standards(10). First, we log transformed plasma
IL6 values in healthy subjects to normalize the distribution and to determine the upper 951
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centile value as the upper limit of normal (Fig 1A). This approach yielded 3-1pg/mL as the
cutoff value. We found that 14% (36/249) of the UCSF asthma patients and 26% (102/387)
of the SARP asthma patients were IL-6 high, i.e. plasma IL6 above 3-1 pg/mL (Fig 1B,
Table 2). The remaining asthma subjects with plasma IL6 levels below 3-1 pg/mL were
classified as “IL6 low”. Among patients with asthma we found no significant correlation
between plasma IL6 measurements and sputum IL6 gene expression measurements
(r?=0-003, p=0-45)(Fig 1C) and sputum IL6 protein measurements (r2=0-03, p=0-10)(Fig
1D), making airway cells an unlikely source of the high systemic IL6. To explore if the
plasma IL6 levels detected were associated with downstream markers of IL6 activity, we
measured plasma CRP levels (11) in a subset (n=123) of the UCSF asthma cohort and a
subset (n=38) of the healthy subjects. When compared to healthy subjects, we found that
median (IQR) CRP levels were significantly higher in asthma than in health (1-6 [0-5-5.0]
vs. 0:5, [0-3-1-9] mg/L, p = 0-004). CRP levels were was also higher in IL6-high asthma than
in IL6-low asthma (12:9,[2:2-20-9] vs.1-1 [0-5-3-4] mg/L, p<0-001) and significantly
correlated with plasma IL6 levels ( r2 = 0-29 p<0-001)(Fig 1E). Plasma IL6 measures were
also significantly correlated with blood neutrophils (r? = 0-16, p<0-001)(Fig 1F).

“IL6-high” asthma is characterized by obesity, metabolic dysfunction, and severe asthma

Compared to IL6-low asthma, we found that IL6-high asthma in the SARP cohort was
characterized by a higher prevalence of women (Table 2); but race did not differ between
IL6-high and IL6-low subgroups in either asthma cohort. Compared to IL6-low asthma, we
found that IL6-high asthma in both the UCSF and SARP cohorts was characterized by
significant increases in BMI, a higher prevalence of hypertension, and by higher values for
systolic blood pressure and blood leukocytes (Table 2, Fig 2A-C). Diabetes mellitus in the
SARP cohort occurred more frequently in IL6-high subgroup than in the IL6-low subgroup
(history of diabetes was not measured in UCSF cohort). FEV1 and FVC values in both
asthma cohorts were lower in the 1L6-high subgroups than the I1L6 low subgroups (Table 2),
and the maximum bronchodilator reversibility test in the SARP cohort showed large
increases in FEV1 and FVC with bronchodilators (Table 2). In addition, the percentage of
patients who qualified as having severe asthma by ATS/ERS criteria was higher in the I1L6-
high subgroup in the SARP cohort than the IL6-low subgroup. Furthermore, asthma
exacerbations were more frequent and ACT scores were lower in the IL6-high subgroups in
both cohorts than in the IL6 low subgroups (Table 2, Fig 3). Sputum eosinophil %, blood
eosinophil numbers, sputum neutrophil %, FeENO, or serum levels of IgE in both cohorts did
not differ significantly in the IL6-high and -low subgroups (Table 2).

Systemic IL6 levels are associated with metabolic dysfunction and severe asthma in both
obese and non-obese patients

Plasma IL6 was significantly and positively correlated with BMI in both cohorts (Fig 4A),
and 78% (28/36) and 81% (83/102) of the IL6-high subgroups in the UCSF and SARP
asthma patients were obese, respectively (Table 2). But 62% (178/289) of obese patients had
normal plasma IL6 (Fig 4B), and this prompted us to explore more deeply the relationship
between IL6 inflammation, metabolic dysfunction, and asthma severity in obese and non-
obese patients. To do this, we compared outcomes of metabolic dysfunction and asthma
severity in IL6-high and IL6-low asthma, and we stratified patients into obese and non-obese
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subgroups. In addition, we examined relationships between IL6 and asthma severity
outcomes while controlling for BMI in regression models. Compared to obese IL6-low
asthmatics, we found that obese IL6-high asthmatics had strong signals for metabolic
dysfunction, including a frequent history of hypertension, and increases in total blood
leukocytes and blood neutrophils (Fig 4C, Table 3). In addition, we found that asthma
outcomes were consistently worse in obese IL6-high asthma than in obese IL6-low asthma
(Fig 4D, Table 3). Furthermore, we found that indicators of metabolic dysfunction and more
severe asthma were also characteristics of non-obese IL6-high asthmatics (Fig 4C-D, Table
3), indicating that IL6 is associated with metabolic dysfunction and severe asthma, even in
the absence of obesity.

Confounding does not explain the association between IL6 and increased asthma severity

Older age, increased body mass, and increased type-2 inflammation have all been associated
with increased plasma IL-6 levels and increased asthma severity (Fig S2). To determine if
these factors confounded the association between plasma IL-6 measures and asthma severity,
we performed linear and logistic regression models using continuous measures of plasma
IL-6 as the predictor of interest. We found that the relationship between increased IL-6 and
worse asthma remained robust even after controlling for these potential confounders (Table
4).

Plasma IL6 measures are unrelated to measures of type 2 inflammation in asthma

Using a Pearson correlation coefficient, we found no significant relationship between plasma
IL6 and outcomes of type 2 inflammation in blood or airway bio-specimens, including blood
eosinophils (r?=0-002, p=0.25), blood IgE levels (r2<0-001, p=0-52), FeNO (r?=0-005
p=0-09), and sputum eosinophils (r2<0-001, p=0-53)(Fig 5 A-D).

Directed acyclic graph (DAG) analysis—The possible relationships between systemic
IL6 measures, age, body mass index, and type 2 inflammation that informed our analysis are
illustrated by the DAG in Fig S2A. The relationships that are supported by our data are
illustrated in the modified DAG shown in Figure S2B, which shows most importantly that
IL6 is not related to type 2 inflammation.

Discussion

A dominant concept in asthma is that mechanisms of disease that originate in the lung drive
airway pathology and airway dysfunction and explain the marked heterogeneity in clinical
traits. In particular, there has been a heavy emphasis on research into mechanisms of type 2
inflammation in asthma, an emphasis that has now led to new treatments targeting various
members of the type 2 pathway. It is well known, however, that many patients with asthma
do not have type 2 inflammation, and that these patients will not benefit from type 2 directed
treatments (12,13). New insights about mechanisms of non-type 2 inflammation are now
needed as a first step toward developing treatment options for patients with Th2-low asthma.
Unfortunately, efforts to date to uncover new disease mechanisms using experimental
approaches that focus on analyses of lung bio-specimens have not been very productive.
Here, we report that systemic IL6 inflammation occurs in a significantly sized subgroup of
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patients with asthma, most of whom are obese. We also report that systemic I1L6
inflammation marks patients who have both metabolic dysfunction and severe asthma. Taken
together, our findings help explain the heterogeneous effects of obesity on disease severity in
asthma and point to treatment of systemic IL6 inflammation and metabolic dysfunction as
novel therapeutic strategies for asthma.

More than 75% of the IL6-high asthma subgroups in our two asthma cohorts were obese, but
only a minority of obese asthma patients (38%) had high plasma IL6 levels. This subset of
obese asthmatics with high IL6 levels was more likely to have hypertension and systemic
leukocytosis, which are indicators of metabolic dysfunction (14,15). Importantly, we found
that the highest signals for asthma severity were in this IL6-high subset of obese asthmatics
with metabolic dysfunction. Taking IL6 as a biomarker of metabolic dysfunction (16), our
data clearly show that asthma in obese patients with metabolic dysfunction is more severe
than in obese patients without metabolic dysfunction. This finding helps explain why obesity
is associated with severe asthma in some patients but not in others, and it emphasizes the
importance of metabolic and inflammatory complications of obesity over complications
arising from chest wall loading from adipose tissue. Notably, our data also show that asthma
in non-obese patients with metabolic dysfunction is more severe than in non-obese patients
without metabolic dysfunction. This interpretation is consistent with our data showing that
the relationships between plasma IL6 and measures of asthma severity remain robustly
significant when BMI is controlled for in regression models.

We found no relationship between plasma measures of IL6 and measures of type 2
inflammation (airway and systemic) in the two asthma cohorts and no relationship between
measures of plasma IL6 protein and measures of IL6 gene transcripts or IL6 protein in the
airway. These data indicate that the increase in systemic IL6 levels in IL6-high asthma is not
occurring as a result of upstream type 2 inflammation or as a result of spillover of IL6
inflammation from the lungs. Our data overall suggest an “outside in” mechanism of lung
dysfunction in IL6-high asthma in which the proinflammatory mediators driving disease
severity originate in extrapulmonary organs. For example, the origin of the increased IL6 in
IL6-high asthma is most likely inflammatory macrophages in white adipose tissue (17).
Circulating IL6 could mediate airway pathology through effects on endothelial cells,
epithelial cells, and other structural airway cells (18,19). It could also influence T cell
function, including regulatory T cells and Th17 cells (20,21). Another “outside in”
mechanism of lung dysfunction in IL6-high asthma could involve insulin resistance, an
important consequence of metabolic dysfunction. Insulin resistance has been linked to poor
lung function in asthma (22), and the mechanism of this effect is a subject of speculation
that upregulation of insulin-related metabolic signaling cascades has adverse consequences
for smooth muscle cells and other airway structural cells (23). Finally, we acknowledge that
IL6 is not the only cytokine that is upregulated in patients with metabolic dysfunction.
Cytokines such as TNFa or leptin may also be increased in patients with IL6-high asthma,
and the activities of these cytokines could be a mechanism of disease in IL6-high asthma.

Because IL6 is a pro-inflammatory factor, differentiation factor, and growth factor (24), it is
a therapeutic target in rheumatoid arthritis (25), systemic juvenile arthritis (26), and Crohn's
disease (27). Our data provide a rationale for also testing the efficacy of IL6 inhibitors in
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severe asthma (28). In addition, because IL6 is a marker of metabolic dysfunction, we
provide a rationale for exploring the efficacy of treatments for metabolic dysfunction as
strategies to lessen disease severity in asthma.

In conclusion, our study suggests a role for systemic IL6 inflammation as a mediator of
disease severity in a subgroup of asthma patients. This role may be causal according to Hill's
criteria for causality (29), based on the large effect size, the consistent finding for the
association between IL6 and asthma severity in two asthma cohorts, the specific clinical
features of the IL6-high subgroup, the clear dose response for IL6 measures and outcomes of
asthma severity, and the biologic plausibility for IL6 as a mediator of asthma pathology.
However, definitive proof that IL6 has a causal role in mediating asthma severity will need
to await the results of randomized controlled trials testing the efficacy of IL6 inhibition in
asthma. We provide strong rationale for such trials here and our data indicate how plasma
IL6 could be used as a biomarker to enrich for patients with IL6-high asthma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context
Evidence before this study

Asthma is a common disease that is often well controlled with currently available
treatments, but a subgroup of patients has severe disease with unmet treatment needs.
New treatments for severe asthma require improved understanding of disease
mechanisms and easily measured biomarkers to guide personalized treatment plans.
Obesity is a well-recognized risk factor for severe asthma, but many obese asthmatics do
not have severe disease, and the molecular drivers of the heterogeneity of clinical severity
in obese asthma are poorly understood. Low-grade systemic inflammation is a
complication of obesity that results in metabolic diseases such as hypertension,
atherosclerosis, and type 2 diabetes mellitus. The possibility that systemic inflammation
could lead to more severe forms of asthma has not been studied in detail.

Interleukin 6 (IL6) is a biomarker of obesity-related systemic inflammation and
metabolic dysfunction. It is also a pleotropic cytokine and a plausible mediator of airway
dysfunction in asthma. Previous studies in small numbers of patients have shown an
increase in plasma or serum levels of IL6 in asthma, and genetic studies have found
associations between IL6 pathway genes and asthma.

Added value of this study

We show in two asthma cohorts that systemic IL6 inflammation occurs in a subset of
asthmatics that are characterized by obesity and metabolic dysfunction. These “IL6-high”
asthmatics have much lower lung function and more frequent exacerbations than “IL6-
low” asthmatics. Although the average BMI in IL6-high asthma is higher than in IL6-low
asthma, the majority of obese asthmatics are IL6-low, and metabolic diseases such as
hypertension and diabetes mellitus occur much more commonly in the IL6-high
subgroups. Notably, asthma severity is much more severe in the subgroup of obese
asthmatics who are IL6-high than in the subgroup who are IL6-low, and this association
holds in the non-obese IL6-high and IL6-low asthmatics.

Implications of all the available evidence

Systemic IL6 levels, occurring independently of type 2 inflammation, is associated with a
severe asthma phenotype. Variability in systemic IL6 levels in obese patients helps
explain the heterogeneity of asthma severity in these patients. Systemic IL6 inflammation
represents an extra-pulmonary mechanism of severe asthma, and treatment of low-grade
systemic inflammation (including with IL6 inhibitors) or treatment of metabolic
dysfunction represent rational clinical trials to pursue for a subset of patients with severe
asthma. Plasma IL6 is a biomarker that could guide patient stratification in the trials.
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Fig. 1. Increases in plasma IL6 in a subset of asthmatics that is not related to airway measures of

IL6

(A) Log transformed plasma IL6 measurements shown as kernel density plots to illustrate
the distribution of the IL6 concentrations in plasma in the three cohorts. (B) Plasma IL6
values in UCSF healthy subjects, UCSF asthma patients, and SARP asthma patients. The
horizontal dashed line indicates the upper 95% centile value for plasma IL6 in the healthy
subjects. The shaded areas highlight the 36 (14%) UCSF asthma patients and the 102 (26%)
SARP asthma patients who had plasma IL6 levels above the upper reference limit. *p<0-05
from ANOVA comparison. (C) Lack of correlation between plasma IL6 protein levels and
log2 normalized gene expression levels for IL6 in sputum cells (n=210, in the SARP asthma
cohort , black best-fit line). (D) Lack of correlation between plasma IL6 protein levels and
sputum IL6 protein in sputum (n=109, UCSF asthma cohort , black best-fit line). (E) Plasma
IL6 levels are positively and significantly correlated with plasma CRP (n= 123, UCSF
asthma cohort, black best-fit line). (F) Plasma IL6 protein levels are positively and
significantly correlated with blood neutrophils in the UCSF asthma cohort (black symbols
and black best-fit line) and the SARP cohort (red symbols and red best-fit line). Best-fit lines
were created in each cohort separately and the pearson's coefficient was calculated with the

cohorts combined.
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Fig 2. Increased metabolic dysfunction in IL6-high asthma
(A) A history of hypertension was significantly more common in IL6 high than in IL6 low

asthma in both the UCSF and SARP cohorts, Data represented as % of subjects = SE. (B)
Total blood leukocytes number was higher in IL6 high asthma than in IL6 low asthma in the
UCSF and SARP cohorts, mean, + SE (C) A history of diabetes was significantly more
common in IL6 high than in IL6 low asthma in the SARP cohort. *p<0.05 from chi-square
test Tp<0-05 from t-test. Data represented as % of subjects + SE.
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Fig. 3. More frequent asthma exacerbations in IL6-high asthma
(A) The percentage of asthma patients that required systemic corticosteroid treatment in the

past 2 years was higher in IL6 high asthma compared to IL6 low asthma in the UCSF cohort
(B) The percentage of asthma patients that required systemic corticosteroid treatment,
emergency department treatment, or hospitalization for an asthma exacerbation in the past
year in IL6 high asthma was higher than in IL6 low asthma in the SARP cohort. *p<0-05
from chi-square test. Data represented as % of subjects + SE.

Lancet Respir Med. Author manuscript; available in PMC 2017 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Peters et al.

(@)

History of hypertension (%)

60+

50+

40+

30+

20+

10

A B
iy 2
O
E ]
o)) o)
=]
o @
9 5
= Z
D
+ 127 90
J \ -
9104 i)
t 3 « 3 80
O o
S 8
=
X a 70
@ 3
© -
. % 60
(]
s °
Q o
Q © 50
= [}
=
>
= <
0
Low High Low High Low High Low High
BMI<30 BMI=30 BMI<30 BMI=30

400 8%
300 -
38%
200 - 92%
62%
100
0 o (-
BMI<30 BMI=30
OIL6 Low @IL6 High
e 70
£ <
S 60
£ 2
» 8
* o 50
(&)
(o]
S 40
£
£ 30
@
w 20
o
g 10
L
Low High Low High e
BMI<30 BMI=30

Page 16

Low High
BMI<30

Fig. 4. Increased plasma IL6 is associated with metabolic dysfunction and more severe asthma in

both obese and non-obese patients

(A) Plasma IL6 levels are positively and significantly correlated with body mass index

(BMI) in UCSF asthma patients (black symbols) and SARP asthma patients (red symbols)

pearson's coefficient was calculated with the cohorts combined. (B) The proportion of

asthma patients with high plasma IL6 levels was much higher in obese asthmatics (BMI
>30) than in non-obese asthmatics (BMI <30). (C) Compared to IL6-low asthma, IL6-high
asthma is characterized by increased metabolic dysfunction in both obese and non-obese
subgroups, as demonstrated by a higher frequency of hypertension and leukocytosis. (D)
Asthma severity in IL6-high asthma is worse than in IL6-low asthma in both obese and non-
obese subgroups, as demonstrated by lower FEV1 values and a higher percentage of subjects
with a history of an asthma exacerbation. The exacerbation history is defined as a prednisone
requiring asthma exacerbation in either the past 2 years (UCSF cohort) or the past in past
year (SARP cohort).*p<0-05 from Wilcoxon rank sum test Tp<0-05 from chi square test.

Data represented as % of subjects + SE, for binary variables and mean + SEM for

continuous variables.
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Fig. 5. Plasma IL6 measures are unrelated to measures of type 2 inflammation in asthma
(A) Plasma IL6 levels are not related to blood eosinophil cell counts. (B) Plasma IL6 levels

are not related to serum IgE levels, (C) Plasma IL6 levels are not related to exhaled nitric
oxide levels. (D) Plasma IL6 levels are not related to sputum eosinophil cell percentages.
UCSF asthma cohort is represented by black symbols and black best-fit lines and the SARP
cohort is represented by red symbols and red best-fit lines. Best-fit lines were created in each
cohort separately and the pearson's coefficient was calculated with the cohorts combined.
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Characteristics of Healthy and Asthma Subjects

Table 1

Characteristic Healthy Asthma
UCSF(N=93) UCSF(N=249) SARP (N=387)
Age (years) 359 (12:1) 37:3(14-2) 472 (136) *
Female sex - no. (%) 52 (56) 155 (62) 255 (66)
Race - no. (%)¢
American Indian and Alaska Native 1(1) 4(2) 2(1)
Asian 16 (17) 35 (14) 16 (4)
African American 3(3) 27 (11) 89 (23)
Caucasian 64 (69) 155 (62) 255 (66)
Native Hawaiian or other Pacific Islander 0 (0) 3(2) 0(0)
Mixed race 5(5) 17 (7) 25 (6)
Unknown/refused to answer 4(4) 8(3) 0 (0)
BMI (kg/m?) 254 (59) 289 (69) 234"
Use of ICS no. (%) 141 (57) 345 (89) s
% with BMI > 30 15 (16) 82 (33) 207 (53)
Spirometry data
0, i . . * *
FEV1 (% predicted) 99.4 (13-8) 83.8 (183) 75.9 (21.7) f
0, 1 . . * *
FVC (% predicted) 1026 (12:7) 97.7 (15.4) 90-2 (197) r
. . * *
FEV1/FVC 0-97 (0-10) 085 (0-12) 0-83 (0-13)
.9 (3 c
Score on ACT® 18:9 (3-9) 168 (4-9)
Blood markers of atopy”
* *
Serum IgE (IU/mL) 51 (74) 360 (474) 342 (581)
* *
FeNO (ppm)” 17(13) 46 (41) 30(30)""
*Hk
Asthma exacerbations — no. (%)
>1 exacerbation in past two years 88 (35)
=1 exacerbation in past year 194 (50)
Necessitating hospitalization past year 46 (12)
Necessitating ER visit past year 95 (25)

Page 18

Data reported as mean (SD) unless otherwise indicated. FEV1 = forced expiratory volume in 1 s. BMI = body mass index. FVVC = forced vital

capacity. ICS = inhaled corticosteroids. ACT = asthma control test. FeNO = fraction of nitric oxide in exhaled air. ER = emergency room.

*
Indicates statistically different from UCSF Healthy (p<0 05).

flndicates statistically different between UCSF Asthma and SARP Asthma (p<0 05).

¢Race was statistically different between SARP Asthma and either UCSF Healthy or UCSF Asthma.

§Scores on ACT range from 25 to 5 with lower scores indicating worse asthma control — 98 of the UCSF patients did not have this score recorded.
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”2 of the UCSF healthy subjects and 18 of the UCSF asthma patients did not have blood eosinophils measured; 4 of the UCSF healthy subjects, 18

of the UCSF asthma patients, and 4 of the SARP asthma patients did not have serum IgE levels measured.
1, . . L
23 of the UCSF healthy subjects, 60 of the UCSF asthma patients, and 3 of the SARP asthmatics did not have FeNO measured.
A
The UCSF asthma patients completed a questionnaire which asked about asthma exacerbations requiring treatment with prednisone in the past 2

years; the SARP asthma patients completed a questionnaire which asked about asthma exacerbations requiring treatment with prednisone in the
past year and also captured information about hospitalizations and ER visits for treatment of asthma in the past year.

Lancet Respir Med. Author manuscript; available in PMC 2017 July 01.



Page 20

Peters et al.

Author Manuscript

GE0 (92) 25 (s2) vs 6T0 (02) ve (t2) ov sjiydonnaN
2z0 (69) 1€ (zon) 9¥ G9:0 (8e)se 9 Tv sliydouiso3
(%) s1uno2 |19 wninds
o
190 (82) 62 (te) 1€ 70 (29) ¢s (8e) G¥ \\Ea& ONed
880 (z8) 28 (18) 82T (%) "ou degounwuwi samsod =
500 (T19) 6EY (299) 80¢ €9:0 (289) Lev (989) s8¢ (wyni1) 361 resoL
§mw:amw_\,_ 361 wnies
870 (252) 80g (182) 98¢ 290 (06T) 60€ (5z2) 682 sliydoursog
100-0> (0092) TL95 (ov.1) z66€ 100-0> (¥8LT) 2vvs (v2eT) 908 sjiydonnaN
100-0> (T971€) 616 (9002) 8989 100-0> (T86T) 1688 (Tv91) 9299 $1139 poo|q aMyMm [eloL
m:\wa x) S)UN03 |[82 poolg
860 (¥1:0) £8:0 (z1°0) £8°0 500 (€1:0) 18:0 (z1°0) 98:0 OA4ITA3A
200 (szr) 80T (cot) L2 (%) Anngis1enar-ag OA4
100-0> (6L1) 028 (56T) 2'€6 100-0> (6:21) 898 (z'¥1) 966 (perorpaud 96) ONS
200 (z02) ¢z (L9m) ¥L1 (%) Aunaisianal-ag TA3
100-0> (9:02) 569 (L12) T°8L 100-0> (767) €TL (e27) 6:38 (parorpaud 96) TAIS
uﬁmn Answouids
100-0> (8'v) ST (8v) vLT 100 (Sv) 9.1 (2€) 6T 41OV L0810
G0 (c6) v6 (88) 15¢ 9000 (82) 82 (es) €11 (%) ou - SD140 880
100-0> (8T) TTT (91) 96 () doUBIHWINDID ISIEA
100-0> (18) €8 (v) ver 100-0> (82) 8¢ (s2) vs (%) "ou - 0E 2 1ING
100-0> (86) 6:2€ (89) €-0¢ 100-0> (98) €9¢ (29) 92 (zw/Bx) 1INg
. sainsea|N AlIseqO
5000 (L0 6L (c9) L1 660 (t9) ze (c9) geT (%) "ou - xas ajewad
600 Lz Tey (6°€T) 597 500 (reT) 9Ty (z'v1) 9:9¢ (s1eak) aby
anpea-d  (zoT=u) UBIH 911 (G8z=u) M0 91 anfea-d  (9g=u) ubIH 911 (€TZ=u) Mo 9l
ddvsS 450N o13S1810BIRYD

¢ dlqeL

Author Manuscript

BUWIYISE MO 9771 Pue YBIH 9771 8y} JO SINSLISIveIEYD

Author Manuscript

Author Manuscript

Lancet Respir Med. Author manuscript; available in PMC 2017 July 01.



Page 21

Peters et al.

*saul1apInG A18190S 919810y | URadoINT/A18100S 919810y | URILIBWY BU) WOLS BLISYLIO BUISN pauILLIBIap sem A1LI9ASS BLULISE JO LOIRILISSe|D E._.§

"papJ0oal BIep UOITRGIBIRXS BARY 10U PIp 198[gNs ewyIse 450N mEOw.%

‘8]qe|IeAe sa1aqelp

10 KI0JS1y 10} e1ep aAey Jou pip siusied 45N 8y pue ‘siusiied Bwiyise 45D 81 JO Z Ul PaPI0IaI 10U 319M SaINseaW dg "siusiied BLILISE 45D 8y} 4O / Ul PapIodal 10U Sem erep AIoisiy co_w:mtmg\fun

‘sjusied BLIYISE dYVS 76 PUB siusied Buuyise 45D ZOT Ul 9]ge|IBAR 10U 8189M S][82 Wwninds paonpul Ui S)unod |80
*¥

‘sjuaized ewiise d¥vS 8yl JO £ pue ‘sjusired ewyIse 459N 8Y1 JO 09 Ul 3peL 10U 313M ONB34 JO mwsmmm_\,_\\

'sjuanied ewiyise dYVS ¥ Ul pawiopad 10u a1am sainseaw depounwiw| ‘suabis)je o1319ads GT 40} palsal Usym 3 nsas aanisod

3U0 1583 18 yum sjusited Jo abejusaad pue Jaquinu ay) se paniodal st 361 o1198ds dyDounww| “siusiied BlyISe dYWS 81 JO & pue siusied ewiyise 4SON 8yl 40 8T Ul painseaw 1ou sem 36 wnies _So¢

‘sjusiied BwyISE 4SO 8Y1 JO T Ul PaINsealll J0U 8I8M SJUN0D |[89 noo_m.m

"papI02al BIep SIy}

aney 10U pIp siuaied dH'S 8yl JO U0 ‘1X8) 8y} Ul pajIelsp se ‘josaing|e Jo synd g 01 dn Buisn 1581 AN|1GISIBASS WNWIXEW e Ja)Je PUR 81048( PaINSLaW a1am JAH Pue TAIH 8yl siuaied ewiyise 4yvs sy c_u

‘sjuaized ewiLase 4SO 8y} JO 86 Ul PaINSealll 10U Sem hu,q,N

‘syuaired BWILISE 4SO 8U 0} 3|GR|IBAR 10U SBM 30UBIBJLNDIID ISTBA
¥

‘wool Aousblaws = Y3 "ainssaid poo|q = 4g "IIe Pajeyxa Ul 3pIX0 LU JO UoNdeI) = ON@4 '3 ulingojBounwwi = 36| “Jorejipoyauolq = g ‘Anoedes
[eMA P3210) = DA4 'S T Ul 3WN|OA Aloyelidxa paotoy = TAT IS8} [03U0D BWYISE = | DV "SPI0SIS011I09 Pajeyul = SO “Xapul ssew Apog = NG ‘Paredlpul asIMIBUI0 ssajun (QS) uesiu se paniodal aue eleq

(02) 12 (€9) 05T BYEIES
%) "0U - A11IaASS ewIYIS
&C& 1LIBNSS BLILISY

5000 (se) o€ (12) 65 reak jsed 1sIA 43 BunenssadsN
7000 (T2) 12 (6) 52 J1eak 1sed uonezijendsoy BunelssadsN
100-0> (89) 69 (v) et 1eak 15ed UoITRQURIEXS T2

800-0 (99) 0z (ce) 89 steak o) Jsed UoeqIadexa T2

s %?\Ov "0U — SUOITQ90EX3 BUWYISY

¥0:0 wT) ¥1 (L) et (9%) "0u - SN)Ij|aW S813qEIP 10 AIOISIH
LT0 (tr) 8L (om) 2L 200 (8) 08 (6) 22 (BH ww) dg o1joiseia
G000 (91) 821 (sT) €21 L00-0 (e1) zeT (T1) STT (BH ww) dg o1101sAS
700:0> (z9) €5 (L2) 12 100:0> (9e) €1 (6) 6T (%) "ou - uoisuapadAy yo AloisiH
hco_tcem% 21]0gBI3W 4O SBWO0INO
anjea-d  (zoT=u) UbIH 911 (S8z=u) M0 91 8nea-d  (9g=u) UBIH 911 (€TZ=u) MO 9T
dyvs 450N onsiIsIoEIRyD

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

available in PMC 2017 July 01.

Lancet Respir Med. Author manuscript



Page 22

Peters et al.

‘sjusined 8T J0J 8|Ce[1BAR 10U 8J9M SIUNOD |18 uoo_m_H

"SUOINRQI90BX3 BLUYISE 10} BIep alreuuonsanb 1noge sjielsp 1oy T 8|qe) 0] 8101004 wmvm,N

‘s)uaired 86 J0) 3]gR|IBAR 10U 819M S8100S | DV
*

'sjuaijed / 10} 3|qe|IeAR 10U SeM elep AI0ISIY uoisusliadAH 8

"ainssald poo|q = 4g 18] |01U0D
BWIYISE = ] DV "SP10.81S0211109 pajeyul = S| “Aloeded [elIA padlo) = DAH °S T Ul awnjoA Alojelidxs padios = TATH "Xapul ssew Apoq = |G ‘Paredipul asIMIaylo ssajun (QsS) ueaw se paniodal are eleq

6.0 (tT) 08 (o1) 08 960 (6) 5L (6) 5L (6H ww) dg a1joiserq

220 (s1) 22T (¥1) szt 500 (9m) zet (e1) 211 (6H ww) dg d1j0ishs

7000 (19) 95 (e€) 26 2000 (L€) o1 (1) 6€ (9%) ou uoisusuadAH jo AioisiH
suonounysAp o1jogelsw 4O S8WodNO

6€0 (e€2) €62 (sv2) 892 610 (0£2) L9¢ (922) s0¢ sliydoutso3

100-0> (0ez2) 8955 (o121) 2Ty 1000> (LTT€) ¥08S (6Lv1) vELE siydonnaN

100:0> (5522) 7906 (z66T) T6TL 100-0> (zese) €16 (0827) 2559 $1199 poojq SUYM [ej0L

NQ@S x) SIUN0Y |192 poo|g

(%) "ou - sIeak z-T 1sed ayj ul uonegIadex3y <

€000 (99) €2 (8v) g8 1700 (89) 91 (v€) 80T 4
¥0-0 (8) 96T (T:9) 69T €00 (Lv) 99T (Tv) 681 LoV o 8I0%s
¥0-0 (68) 66 (62) VT 2T 0 (s8) €2 (02) €22 (%) ou - SO Buisn
680 (€1:0) ¥8:0 (e10) 580 2000 (¥1:0) 920 (cT0) ¥80 OA4IA3S
100-0> (0L1) 228 (LL1) 16 100-0> (212) 58 (z'L1) 86 (pa1o1paid 95) NS
2000 (56T) 8:0L (L61) €£8L 100:0> (T€2) 799 (702) 28 (payorpaid 96) TA3S
elep Answouids
700:0> (z8) vov (59) 09¢ 080 (e2) 6s¢ (62) v°5¢ @W/B) INg
100:0> (18) 06 (c9) 011 00 (w11 (c9) 66T (%) "ou - xas ajewad
210 (Ter) Loy (zen) evy 100 (9L1) 06¥ ST TTY (s1eak) aby

anfer-d  (TTT=U) UBIH 9711 (82T=U)MOT1 971l anfea-d  (zz=u) ubiH 9711 (0ze=u) Mo 91
0e<INg 0e>1Nd o13S1810BIRYD

A1saqo Aq padnoab-gns ewyise moT 9711 pue ybiH 97| Ul S3|qRLIRA [eaIUID
€ 9|qel

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Lancet Respir Med. Author manuscript; available in PMC 2017 July 01.



Page 23

Peters et al.

'saul1apInG A18190S 919810y L URad0oINT/A18100S 919810y | URILIBWY 3U) LWOLS BLISILIO AQ PaUILLIBISP BLIYISY em>mm%

'papJ09al elep UoIRGIBIRX® 3ARY 10U pIp aledionted BLLISY 4SDN m:Ow

“Buissiw s1uN02 39 poojq pey seredidnied ewyisy 450N mﬁx

“'s1aSe1ep dY¥WV'S PUe 45N J0) S|apow uoissalbay onsiBo pue Jeaul
¥

'S9LLI02IN0 BLIYISE PUB 9] U8aM]aq SuoI1e1dosse ayl Jo Aue abueya Ajpueoisiubis jou pip adel 1o Japuab Joy Bunsnlpy

"3SN P10J31S0211102 1WAISAS J1UOIYD PUB ‘SIunod |13 [1ydouisos poolq ‘afe ‘| g sarerienod ayi Joy sisnlpe ano4 [9po

*3sN S| pue ‘sunod |19 Jiydouisos poojq ‘abe ‘|G Serelenod ayy 1oy sisnfpe aaiy L [9pON

"abe pue ||NgG SerelieA0d 8y} 10) sisnlpe oMm] [9poIA

"IN G JO 81eLIBA0D 8} Jo} sisnlpe auQ [9po

"Aioedes [e)IA padloy = DAL 'S T Ul awnjoA Aiojelidxa paoio) = TATS "o1jel sppo = YO "woos Aousbiawis = Y3 "PI0J8ISOIII0I pajeyul = SO "Xapul ssew Apog = [INg

(rensaru| 2uapyuo) %G6) *(Hd) sjans) 971 ewseld ui aseasoul Hoj [einyeu auo Jad az1s 198443

700-0=d 100-0>d 700-0>d 100-0>d 700-0>d 'O BLULISY 9198
9zaer)gT ‘(eeagnez ‘Lzarnel  ‘(0e09T)e (Te012T)EC i S
€0-0=d €00-0=d 800-0=d 20-0=d 100-0>d 00 Jeak
‘Czooner  (Gzoen LT ‘ETaTnor  TzaTTer  (GTorT)eT 1sed Ul ISIA 3 BUIYISY T2
€0-0=d 100-0=d 200-0=d £00-0=d 100-0>d H'0 teak 1sed
(eaT1n)8T ‘(PeayTez ‘ceoer)oz  (0€0eT)0C ‘(0e01t1) 0°C u1 uonezifeNdsoy BLYISY T2
200-0=d 100-0>d 100-0>d 100-0>d 100-0>d gKe)
‘rzazn) LT ‘Lzovnoz  (Gczarnel  ‘((Lzoavyl) oz ‘(6co1LT)2C Jeak 1sed ul uorrequeoex3 1<
. . . o0 sieak
¥0-0=d ‘(t'z  900=d‘(Tz  100=d‘(T-C ¥0-0=d + 90
010T)ST 010T)ST 0107T) T 6T00T) T Z 1sed Ui uoneqlaoexy 1<
£0-0=d 100-0=d
100-0>d ‘(e2-  7100-0>d ‘(z'e-  7100:0>d‘(0-e-  T00-0>d (T-G— 100-0>d ‘(2-9- 10:0=d ‘(2-0- ‘(6:0- 01 (0-z-0 100-0>d ‘(0--
019:/-) 67— 01 G:8-) 8:G— 012:8-) 9:G- 01 €0T-) L'L- 012 TT-) 06— 0166G-) g€~  T9-)Ge- €L-) Lv- 016:8-) 2'9- paroipaid %A
500-0=d 500-0=d 100-0>d
100-0=d ‘(zz-  7100-0>d ‘(5¢-  T100:0>d‘(8€-  T000>d ‘(2:G— 100-0>d ‘(T-9- (e1- (r1-01 ‘(82— 100-0>d ‘(0--
01¢:8-) 2:G- 01 9:6-) G-9- 0186-) 8:9- 01 9TT-) L 8- 012TT-) 98— 0y l=) - 91-) G- 2:6-) 09— 01G6-) L9- paroipaid 95 TAIA
f € 19pON f
¥ [3POIN € [9PON AL T [9PON paysnipeun + 2 I3pON T [3PON paisnipeun
9W0d1NQ ewWYlsyy
x
(28e=U) d¥v'sS (6vz=u) BWYISY 4SON

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

sa]qetieA BuIpunNoJuOod 10} PaJ|0UO0D ‘A11IBASS BLUYISE JO SBLL02INO pUR Sainseaw 9| ewisejd snonunuod ussmiaqg diysuone|ay

¥ alqeL

Lancet Respir Med. Author manuscript; available in PMC 2017 July 01.



	Abstract
	Introduction
	Materials and Methods
	Study Design
	UCSF Subjects
	SARP Subjects

	Plasma IL6 and C-reactive protein (CRP) Measurements
	Induced Sputum Measures
	Statistical Methods
	Role of the funding source

	Results
	Subject Demographics
	Plasma IL6 (but not sputum IL6) is increased in a subset of asthmatics
	“IL6-high” asthma is characterized by obesity, metabolic dysfunction, and severe asthma
	Systemic IL6 levels are associated with metabolic dysfunction and severe asthma in both obese and non-obese patients
	Confounding does not explain the association between IL6 and increased asthma severity
	Plasma IL6 measures are unrelated to measures of type 2 inflammation in asthma
	Directed acyclic graph (DAG) analysis


	Discussion
	References
	Fig. 1
	Fig 2
	Fig. 3
	Fig. 4
	Fig. 5
	Table 1
	Table 2
	Table 3
	Table 4



