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Aim: Eosinophilic asthma is associated with more exacerbations and differential responses to treatment.
The aim of this study was to assess if CLC/Gal-10 and MBP-1 are surrogate biomarkers of eosinophilic
inflammation in asthma. Methods & results: Sputum induction was performed in patients with asthma
and in healthy controls. Sputum analysis revealed higher (p < 0.001) levels of CLC/Gal-10 and MBP-1 in
asthmatics versus healthy controls. CLC/Gal-10 levels were highly correlated (r, = 0.74; p < 0.001) with
sputum eosinophils; MBP-1 approached significance (r = 0.44; p = 0.07). Conclusion: Increased CLC/Gal-10
and MBP-1 levels in the sputum were strongly correlated with sputum eosinophils in patients with asthma.
CLC/Gal-10 and MBP-1 may be useful biomarkers for differentiation of eosinophilic airway inflammation
in asthma.
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Asthma is a chronic disorder of the airways — characterized by reversible and intermittent airway obstruction, airway
inflammation and hyperreactivity of the airways [1]. Regardless of the advances in the diagnosis and treatment of
asthma, it continues to be one of the most prevalent chronic respiratory disorders, affecting 8-10% of the world’s
population.

Over the past two decades, the heterogeneity of asthma has become apparent. Experts have begun to propose
different methods of classifying asthma using both phenotypic characterization or clustering as well as endo-
typic classification based on the distinct pathophysiologic mechanisms [2,3. One commonly used method to
characterize asthma phenotypes is by assessing the predominant pattern of airway inflammation (eosinophilic vs
noneosinophilic) [4]. Recently, McGrath and colleagues found that a little over half of mild to moderate asthma
patients were predominantly eosinophilic (based on >2% sputum eosinophils) [s]. Identification of these airway
inflammatory phenotypes in asthma is significant as they impact the response to asthma therapies, predict the
risk for asthma exacerbations and allow for better application of newer therapies [6-10. With the importance of
these phenotypes being realized, biomarkers that can accurately and rapidly identify them are needed to guide
personalized therapies.

Surrogate biomarkers of eosinophilic airway inflammation have been measured in the blood, nasal aspirates,
exhaled air and induced sputum of patients with asthma [11]. While blood and fractionated exhaled nitric oxide
can be easily measured, its correlation with sputum eosinophils has been mixed (5]. Although blood and sputum
eosinophil counts correlate in asthma patients, sputum eosinophilia is more predictable than blood eosinophils for
exacerbations and remains the gold standard of airway inflammatory measurements in the outpatient setting [12-14].
However, these cell counts are labor intensive. Recently, eosinophil products such as eosinophil peroxidase have
been shown to be a surrogate marker of airway eosinophils [15].

Charcot-Leyden crystal protein (CLC)/Gal-10 and MBP-1 are two major eosinophil-derived cytosolic and
granule constituents, that have been associated with asthma and allergic rhinitis, respectively [16-18]. One recent Future '.'-;'.'.'-,'
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Box 1. Diagnostic tests used for asthma diagnosis.

e Documentation of asthma in the electronic medical record within the past 24 monthst*
e Spirometry pre- and post-bronchodilator (four puffs of albuterol)t
e Methacholine challenge test5f

TCohort 1.

*Cohort 2.

SMethacholine challenge test was performed only if no evidence of reversibility (12% and 200 ml change in forced expiratory
volume in 1's (FEV1)% predicted and FEV;, respectively) was found in spirometry.

study reported that CLC/Gal-10, as measured by western blotting, correlated with the numbers of sputum
eosinophils [19]. We have developed a sandwich-based ELISA to quantitatively measure CLC/Gal-10 and MBP-1
in human esophageal samples [20. We therefore examined whether CLC/Gal-10 and MBP-1 could be measured
by ELISA in sputum samples of healthy controls and patients with asthma and serve as surrogate biomarkers of
eosinophilic airway inflammation in patients with asthma.

Patients & methods

Study population

Participants were recruited from the University of Illinois Hospital and Health Sciences System and University
of Illinois at Chicago, and included patients with asthma and healthy controls. Asthma patients were from
two cohorts of patients. Asthma patients were identified either in response to advertisement flyers or by their
physician during an outpatient encounter. The diagnosis of asthma in both cohorts included documentation of
asthma in the electronic medical record within the past 24 months. In one of the cohorts, diagnostic testing was
performed and included measurement of bronchial hyper-responsiveness (spirometry pre- and post-bronchodilators
or methacholine challenge). Eligibility criteria included evidence of reversibility in pre-bronchodilator forced
expiratory volume in 1 s (FEV}) of 12% and an absolute volume of 200 ml; or PCy of <8 mg/ml on methacholine
challenge either from study testing or based on previously documented testing (Box 1). Exclusion criteria for
all patients were if they had a previous smoking history >10 pack-years or smoking within the past year, had a
healthcare provider diagnosis of COPD (chronic obstructive pulmonary disease), were unable to perform spirometry,
pregnant, or used oral corticosteroids within the past 12 weeks. All patients had the following information collected:
anthropometrics (age, gender, body mass index), FEV;% predicted and induced sputum. The FEV;% predicted
values were corrected for race/ethnicity. The research was carried out according to The Code of Ethics of the World
Medical Association (Declaration of Helsinki), informed written consent was obtained from all participants, and
the study was approved by the University of Illinois at Chicago Institutional Review Board.

Sputum induction & processing

Sputum collection was performed as previously described [21,22]. Cell differentials of the sputum samples
(eosinophils, neutrophils, macrophages, epithelial cells and lymphocytes) were calculated as a percentage of cells in
the whole sputum expectorate. If a sputum sample contained more the 80% squamous epithelial cells, it was not
included in the analysis. The sputum supernatants were stored at -80°C until assayed by ELISA for CLC/Gal-10
and MBP-1. While different cut-off points for sputum eosinophilia are described in the literature and range from
2-3% cosinophils, we utilized the 2% cut-off for eosinophils based on the recommendations of a NIH Biomarkers
expert panel [23]. Patients with >2% sputum eosinophils were classified as being eosinophilic, and patients with
<2% sputum eosinophils were classified as being noneosinophilic [23].

Quantitative measurement of CLC/Gal-10 & MBP-1

Double-antibody sandwich ELISAs for CLC/Gal-10 and MBP-1 were developed and standardized in the Ack-
erman laboratory (IL, USA) 201. CLC/Gal-10 and MBP-1 ELISAs used standard curves generated using native
purified eosinophil-derived proteins [24-27]. The CLC/Gal-10 sandwich ELISA used a commercially available mon-
oclonal capture antibody (mouse antihuman Gal-10/CLC; Cell Sciences, MA, USA); the detection antibody was a
CLC/Gal-10 affinity purified rabbit polyclonal antibody as previously described [25]. The ELISAs for CLC/Gal-10
and MBP-1 detected these biomarkers in the ranges of 0.125-16 ng/ml and 11.8-750 ng/ml respectively. As
previously described, recovery experiments were performed using native crystal-derived CLC/Gal-10 and purified
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Table 1. Patient characteristics.

Demographics and asthma Healthy controls (n = 11) Asthma patients (n = 17) p-value
characteristics

Age (years) 33+13 42 + 15 0.15
Female, n (%) 8(73) 13 (76) 0.82
Race, n (%):

— Caucasian 9(82) 5(30) 0.007
— African-American 2(18) 12 (70) 0.007
BMI (kg/m?) 2849 31+8 0.38
FEV: % predicted? 89+ 10 76 =15 0.02
ICS use (%) N/A 88 -
Asthma control test N/A 19+4 -
Eosinophilic inflammation? (%) 9 35 0.12

Mean = standard deviation unless otherwise noted.

TReported values were corrected for race/ethnicity.

#>2% sputum eosinophils.

FEV,: Forced expiratory volume in 1 s; ICS: Inhaled corticosteroid.

MBP1, and spiking was done at low, medium and high concentrations within the range of the standard curves.
Recovery rates of 100-120% for CLC/Gal-10 and 80-100% for MBP-1 were obtained with signal to noise ratios
>5 and coefficients of variation of approximately 15% [20]. The sputum extracts were diluted equivalently for all
subjects to fall within the acceptable range of the standard curves, unless the biomarker level was sufficiently high
to require further dilution or sufficiently low to require less dilution.

Statistical analyses

Means and standard deviation (SDs) or medians and interquartile ranges were used as appropriate to report
continuous variables. Frequencies and percentages were used to report categorical variables. Group differences were
analyzed using two-sample t-tests; Wilcoxon rank sum tests, Fisher exact tests or x? tests, where appropriate. A
two-tailed p-value <0.05 was used to denote statistically significant differences. Correlations were evaluated by
Spearman’s correlation coefficient. A receiver operating characteristic curve analysis was used to select cutoff values
for CLC/Gal-10 and MBP-1 that maximized sensitivity and specificity. Analyses were performed using Systat
version 11 (CA, USA) statistical software.

Results

Patient characteristics

Assessments of CLC/Gal-10 and MBP-1 in the sputum were performed in 29 patients. A total of 18 patients had
mild to moderate persistent asthma and 11 patients acted as healthy controls. Asthma patients had a significantly
lower FEV;% predicted compared with healthy control patients (76 vs 89%; p = 0.02; Table 1). There was no
difference in the age, gender and BMI of healthy controls and asthma patients. There were a greater number
of African—American asthma patients (n = 12) compared with the healthy controls (n = 2; p = 0.007). Total
88% (n = 15) of asthma patients were prescribed inhaled corticosteroids (ICS). The mean ICS dose (fluticasone
equivalent) of asthma patients was 519 £ 285 mcg/day. The mean sputum eosinophil count did not achieve
statistical significance between asthma patients versus healthy controls (3.2% =+ 8 vs 0.3% =+ 0.6; p = 0.11;
Figure 1). Total 35% (n = 6) of asthma patients exhibited an eosinophilic phenotype (>2% sputum cosinophils)
compared with 9% (n = 1) of the healthy control patients (p = 0.12).

Measurement of CLC/Gal-10 & MBP-1 in induced sputum

The induced sputum of asthma patients contained significantly higher levels of both CLC/Gal-10 and MBP-1
compared with healthy controls (34 vs 4 ng/ml; p < 0.001, Figure 2A; 794 vs 137 ng/ml; p < 0.001, Figure 2B),
respectively. Asthma patients with eosinophilic inflammation (>2% sputum eosinophils) had significantly higher
levels of CLC/Gal-10 (82 vs 22 ng/ml; p = 0.03) compared with asthma patients with noneosinophilic inflammation
(Figure 3A). MBP-1 levels in asthma patients with the eosinophilic phenotype were higher, just reaching statistical
significance (1000 vs 580 ng/ml; p = 0.05; Figure 3B).

future science group www.futuremedicine.com 717



Short Communication  Nyenhuis, Alumkal, Du, Maybruck, Vinicky & Ackerman

100 —
p=0.21 p=0.33 p=0.36
é |:| Healthy controls
80 ©
I 8 |:| Asthma patients
& o 18 o _
8 604 ¢ o
e
o g = o p=0.11
E 40 o
8 8 °
£
2 20~ E _§_
a ¢}
’ " 8 g l
0 o o E :8: —g— %
I I I I
Macs Neuts Eos Lymphs

Figure 1. Box-whisker plots of sputum cell differential in healthy controls (white bar; n = 11) and asthma patients
(gray bars; n = 17).
Eos: Eosinophils; Lymphs: Lymphocytes; Macs: Macrophages; Neuts: Neutrophils.
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Figure 2. Box-whisker plots of sputum eosinophil biomarkers of healthy controls (white bars; n = 11) and asthma
patients (gray bars; n = 17). (A) Sputum MBP-1 was measured by sandwich ELISA. Asthma patients had significantly
higher levels of MBP-1 compared with healthy controls. (B) Sputum CLC/Gal-10 was measured by sandwich ELISA.
Asthma patients had significantly higher levels of CLC/Gal-10 compared with healthy controls.

Correlation between sputum eosinophil markers & sputum cell counts

Sputum CLC/Gal-10 levels were strongly correlated with sputum eosinophils % (r, = 0.74; p < 0.001; Figure 4A).
In contrast, sputum MBP-1 levels did not correlate with sputum eosinophils % (r, = 0.4; p = 0.07; Figure 4B). The
CLC/Gal-10 and MBP-1 levels strongly correlated with each other (r; = 0.71; p = 0.001). There was no correlation
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Figure 3. Box-whisker plots of sputum eosinophil biomarkers CLC/Gal-10 and MBP-1 in noneosinophilic (n = 11; sputum eosinophils
<2%) and eosinophilic (n = 6; sputum eosinophils >2%) asthma patients. (A) Eosinophilic asthma patients (white) with significantly
higher sputum MBP-1 levels than noneosinophilic asthma patients (gray). (B) Eosinophilic asthma patients (gray) with significantly higher
sputum CLC/Gal-10 levels than noneosinophilic asthma patients (white).
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Figure 4. Spearman correlation of sputum eosinophils with sputum CLC/Gal-10 and MBP-1 levels in asthma
patients. (A) Sputum MBP-1 levels in asthma patients trended toward a positive correlation with sputum eosinophil
levels. (B) Sputum CLC/Gal-10 levels in asthma patients strongly correlated with sputum eosinophil levels.

of sputum CLC/Gal-10 or MBP-1 concentration with any other sputum cell type (macrophages, neutrophils or
lymphocytes; data not shown).
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Figure 5. Receiver operating characteristic analysis of sputum CLC/Gal-10 (gray) and MBP-1 (black) levels in asthma
patients.

Receiver operating characteristics

To measure the diagnostic accuracy of CLC/Gal-10 and MBP-1, a receiver operating characteristic analysis was
performed. CLC/Gal-10 as a biomarker, exhibited a high predictive ability in discriminating between eosinophilic
and noneosinophilic airway inflammation in asthma patients (AUC = 0.85; p-value = 0.03; Figure 5). MBP-1 also
showed a significant but slightly lower predictive ability with AUC = 0.82 (p = 0.048; Figure 5).

Discussion

In this pilot study of healthy control and asthma patients, we found that quantitative measurement of CLC/Gal-10
and MBP-1 in induced sputum is feasible, eosinophilic asthma patients expressed higher levels of CLC/Gal-10
and MBP-1 in induced sputum compared with noneosinophilic patients, and sputum eosinophils were highly
correlated with CLC/Gal-10 sputum levels.

These findings significantly add to the limited existing literature on CLC/Gal-10 in asthma [16,19]. One of
the earliest studies, by Dor and colleagues, found increased CLC/Gal-10 levels in induced sputum of asthma
patients, although comparison with eosinophilic airway inflammation was not included [16]. A more recent study
measuring sputum eosinophils showed a strong correlation with CLC/Gal-10, but a semiquantitative method
(western blot) was used to measure sputum CLC/Gal-10 levels [19). CLC/Gal-10 was also recently identified as
one of six biomarkers in a sputum gene expression signature that discriminates inflammatory phenotypes of asthma
and predicts ICS treatment response [28]. In the present study, we used a reproducible quantitative immunoassay
for measurement of CLC/Gal-10 and MBP-1 that should allow for better clinical application of these biomarkers.
These immunoassays have been used to quantitate CLC/Gal-10 and MBP-1 levels in another eosinophil-associated
allergic disease, eosinophilic esophagitis [20]. Furuta and colleagues measured eosinophil-derived protein biomarkers
in the esophagus (luminal effluents eluted from Esophageal String Test samples and extracts of mucosal biopsies)
of eosinophilic esophagitis patients and found that CLC/Gal-10, among a panel of eosinophil granule-associated
protein biomarkers measured, correlated best with the numbers of eosinophils/high-power field in the esophagus [20].
Our findings extend what has been shown in terms of the utility of CLC/Gal-10 and MBP-1 as biomarkers of
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tissue eosinophils in other eosinophil-associated allergic diseases such as eosinophilic esophagitis; these biomarkers
may become useful as well in differentiating eosinophilic from noneosinophilic and other asthma phenotypes. The
treatment of asthma is becoming more targeted based on both asthma phenotypes and endotypes, and therapies
targeting IgE, IL-5, IL-5 receptor and IL-4 receptor subunits are being used [29]. While these treatments rely on
serum IgE levels or blood eosinophil counts to initiate therapy, they often are not used to monitor treatment
response. While the sputum eosinophil count is currently the optimal noninvasive measurement of the airway
inflammatory phenotype and exacerbations, it is not widely available and highly variable from lab to lab [30,31].
Using a surrogate biomarker of sputum eosinophils such as sputum, CLC/Gal-10 may provide a better way to
monitor patient responses to biologic treatments that target eosinophils.

In the current study, we found that sputum CLC/Gal-10 levels were correlated only with sputum eosinophils and
not other inflammatory cells including macrophages, neutrophils and lymphocytes. Thus, CLC/Gal-10 appears
to phenocopy the eosinophilic inflammatory pattern in the airway and should be an excellent surrogate biomarker
for differentiating asthma inflammatory phenotypes. One limitation we recognize is that basophils and regulatory
T cells also express CLC/Gal-10, albeit at much lower amounts than eosinophils (32-34], and we were not able
to measure and correlate CLC/Gal-10 to those cell types in our study. The eosinophil produces other granule
proteins including eosinophil cationic protein, eosinophil-derived neurotoxin and eosinophil peroxidase (EPX).
Eosinophil-derived neurotoxin and eosinophil cationic protein are not as eosinophil specific as EPX, which has been
shown to correlate closely with sputum eosinophil percentage in asthma patients with varying degrees of airway
eosinophilia (15,35]. In this study, we did not measure EPX and additional studies are needed to jointly correlate
CLC/Gal-10 and EPX with airway eosinophils.

In the current analysis, we included all comers that included a small number of patients not on ICS. The
inclusion of these additional participants should not impact the significance of our study findings, as the study aim
was to assess the correlation of these biomarkers to sputum eosinophils. Despite treatment with ICS, the study
participants had elevated % eosinophils, CLC/Gal-10 and MBP-1. Some of the potential reasons for this could
be due to medication adherence, which we did not assess, or by the predominance of African—American patients,
which we have recently shown to have an eosinophilic asthma phenotype despite adherent ICS therapy [36]. As our
sample size was small our findings may not be generalizable to all asthmatics and support the conduct of larger
studies in asthma patients both on and off ICS with a race-matched control group and measures of ICS adherence
to further validate our findings.

The CLC gene expression has been examined in eosinophilic asthma patients, and a reduction in expression has
been shown with treatment of inhaled and oral corticosteroids [10,28]. This has yet to be assessed using a quantitative
assay such as the one we report here. Future studies of CLC/Gal-10 will need to assess its utility in following
asthma patient responses to biological therapeutics that specifically target eosinophils, for example, mepolizumab,
reslizumab, benralizumab, and dupilimab. Elevations of CLC/Gal-10 mRNA have been found in the peripheral
blood of aspirin sensitive asthma patients (37. Whether CLC/Gal-10 could also be used as a biomarker for disease
monitoring or biological outcomes of treatment in aspirin sensitive asthma patients is not known and should be
evaluated.

Conclusion

In summary, we show the feasibility of using a quantitative assay to measure two eosinophil-associated biomarkers,
CLC/Gal-10 and MBP-1 in the sputum of our asthma population. Using this method, we found a strong
correlation of CLC/Gal-10 in the sputum with sputum eosinophil counts in asthma patients. Our findings provide
the groundwork for further testing of CLC/Gal-10 and MBP-1 to be used as alternatives or in conjunction with
other biomarkers such as absolute blood eosinophil counts. The measurement of sputum CLC/Gal-10 should
be considered in future clinical trials that target eosinophilic asthma to evaluate the role it will likely have in the
personalized, precision medical management of asthma.
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Summary points

e Obtaining sputum eosinophils are labor intensive and not routinely obtained in clinical practice despite being the
gold standard measurement of airway inflammation in the outpatient setting.

e Eosinophil products, such as CLC/Gal-10 or MBP-1, may serve as surrogate markers of eosinophilic airway
inflammation.

e Quantitative measurement of CLC/Gal-10 and MBP-1 in induced sputum is feasible.

e Asthma patients exhibited higher levels of CLC/Gal-10 and MBP-1 than nonasthmatic controls.

e Eosinophilic asthma patients expressed higher levels of CLC/Gal-10 and MBP-1 in induced sputum compared with
noneosinophilic patients.

e Sputum eosinophils were highly correlated with CLC/Gal-10 sputum levels.

e There was no correlation of sputum CLC/Gal-10 or MBP-1 concentration with any other sputum cell type.

e CLC/Gal-10 and MBP-1 may be useful biomarkers for differentiation of eosinophilic airway inflammation in
asthma.
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