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Abstract

Background: Biomarkers of eosinophilic disease activity, especially in the context of novel 

therapies that reduce blood eosinophil counts, are an unmet need. Absolute eosinophil count 

(AEC) does not accurately reflect tissue eosinophilia or eosinophil activation. Therefore, the aims 

of this study were to compare the reliability of plasma and urine eosinophil major basic protein 

1, eosinophil cationic protein, eosinophil-derived neurotoxin (EDN), and eosinophil peroxidase 

measurement and to evaluate the usefulness of eosinophil granule protein (EGP) measurement 

for the assessment of disease activity in patients with eosinophil-associated diseases treated with 

mepolizumab, benralizumab, or dexpramipexole.

Methods: Eosinophil granule protein concentrations were measured in serum, plasma, and 

urine from healthy volunteers and patients with hypereosinophilic syndrome (HES), eosinophilic 

granulomatosis with polyangiitis (EGPA), and eosinophilic asthma using a multiplex assay.

Results: Urine EGP concentrations remained stable, whereas serum and plasma EGP 

concentrations increased significantly with delayed processing. Plasma (p) EDN, but not urine 

(u) EDN, concentration correlated with AEC and negatively correlated with prednisone dose. Both 

pEDN and uEDN decreased significantly following treatment of HES patients with benralizumab 

and EGPA patients with mepolizumab. uEDN appeared to increase with clinical relapse in both 

patient groups.

Conclusions: Measurement of EGP in urine is noninvasive and unaffected by cellular lysis. 

Although plasma and urine EDN concentrations showed a similar pattern following benralizumab 

and mepolizumab treatment, the lack of correlation between AEC or prednisone dose and uEDN 

concentrations suggests that measurement of uEDN may provide a potential biomarker of disease 

activity in patients with HES and EGPA.

Graphical Abstract
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This study compares the reliability and utility of plasma and urine EGP measurements for the 

assessment of disease activity across a diverse group of EAD and evaluates the usefulness of EGP 

measurements for the assessment of disease activity in patients with EAD treated with targeted 

therapeutics.Urine EDN is a stable measure of eosinophilic disease activity that does not correlate 

with aboslule eosinophil count or prednisone dose. uEDN decreases in response to treatment with 

mepolizumab and benralizumab but increases prior to AEC and the onset of clinical symptoms in 

most EAD patients who relapse.

Abbreviations: AEC, absolute eosinophil count; EAD, eosinophil-associated diseases; EDN, 

eosinophil-derived neurotoxin; EGP, eosinophil granule proteins; pEDN, plasma EDN; uEDN, 

urine EDN

Keywords

benralizumab; eosinophil granule protein; eosinophilia; hypereosinophilic syndrome; 
mepolizumab

1 | INTRODUCTION

Although peripheral blood absolute eosinophil count (AEC) has been explored as a 

biomarker of disease activity in eosinophil-associated diseases (EAD),1,2 the NIH Taskforce 

on the Research Needs of Eosinophil-Associated Diseases (TREAD) indicated in 2012, 

and again in 2018, that a standardized method to identify reliable noninvasive markers 

of eosinophilic activity remains an unmet research and clinical need.3,4 This has been 

especially problematic in the context of clinical trials of eosinophil-targeted therapies that 

reduce AEC with variable effects on tissue eosinophilia and clinical symptoms.5,6 Even 

in the absence of therapy, AEC may not accurately reflect organ involvement in EAD.7 

For example, many patients with biopsy-documented eosinophilic esophagitis (EoE) have 

normal AEC despite dramatic tissue eosinophilia and clinical symptoms.8

Eosinophil granules contain many mediators, including the highly cationic eosinophil 

granule proteins (EGP): eosinophil major basic protein 1 (EMBP1), eosinophil cationic 

protein (ECP), eosinophil-derived neurotoxin (EDN), and eosinophil peroxidase (EPO).2,9–

12 Whereas EPO is highly specific to eosinophils, EMBP1, ECP, and EDN can be found, 

albeit in lesser amounts, in other cell lineages.13–15 Since the first description of elevated 

serum EMBP1 concentrations in eosinophilic patients in 1981,16 EGP concentrations have 

been documented in blood, tissue, and a wide variety of biological fluids, including 

urine.17–28 Moreover, numerous studies have demonstrated an association between elevated 

EGP and EGP reaction product concentrations and disease activity in patients with EAD, 

including eosinophilic esophagitis,29–31 atopic dermatitis,32–34 eosinophilic granulomatosis 

with polyangiitis (EGPA),35 asthma,36,37 and hypereosinophilic syndrome (HES).38 In 

some cases, elevated blood and/or urine EGP concentrations have been documented 

in symptomatic patients with tissue eosinophilia but normal peripheral blood AEC, 

including patients with eosinophilic esophagitis38 and asthma.39 More recently, blood EGP 

concentrations have been used to support clinical trial endpoints in EAD, including HES,40 
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EGPA,41 and asthma,42,43 although the utility of this approach in patients with dramatic 

changes in AEC has not been systematically examined.

Despite these promising results, serum and plasma EGP concentrations can be falsely 

elevated in the setting of eosinophil lysis, particularly in patients with high AECs, and 

measurement of EGP in tissue typically requires invasive procedures. In this context, 

urine EGP measurements provide a potential noninvasive alternative. Although urine 

concentrations of EGP have been reported to correlate with disease severity and activity 

in patients with atopic dermatitis, asthma, onchocerciasis and HES,30,32– 34,44–53 urine 

EGP have yet to be evaluated as a biomarker of disease activity in the setting of eosinophil-

targeted therapies, and studies comparing concomitant plasma and urine EGP concentrations 

in patients with EAD are few.54,55 The aims of the present study were (1) to compare 

the reliability and utility of plasma and urine EGP measurements for the assessment of 

disease activity across a diverse group of EAD and (2) to evaluate the usefulness of EGP 

measurements for the assessment of disease activity in patients with EAD treated with 

targeted therapeutics (mepolizumab, benralizumab, or dexpramipexole) that dramatically 

deplete blood and tissue eosinophils.

2 | MATERIALS AND METHODS

2.1 | Study populations

Eosinophilic patients in the current study were enrolled on the following Institutional 

Review Board (IRB)-approved trials: (1) a longitudinal study of HES (N = 45, 

NCT00001406); (2) the mechanistic substudy of a multicenter placebo-controlled phase 

3 study of mepolizumab in patients with relapsing or refractory EGPA (N = 56, 

NCT02020889); (3) a single-center placebo-controlled phase 2 trial of benralizumab in 

patients with HES (N = 19, NCT02130882), and (4) a multicenter placebo-controlled 

study of dexpramipexole in patients with eosinophilic asthma (N = 99, NCT04046939). 

Healthy volunteers (HV) were enrolled on a protocol designed to provide clinical samples 

for research (N = 38, NCT00090662) (Tables S1 and S2). All participants signed written 

informed consent. For the mepolizumab, benralizumab, and dexpramipexole trials, plasma 

and/or urine samples were collected at predefined study time points for biomarker discovery 

(Figure S1). Samples were collected at a single visit on the HES natural history and healthy 

volunteer protocols. A CONSORT flow diagram included in the supplement shows the 

patients included and the samples analyzed for each study (Figure S2).

2.2 | Sample collection and processing

For plasma and serum samples, blood was collected into Vacutainer K2 EDTA and SST 

blood collection tubes (BD, Franklin Lakes, NJ), respectively, and centrifuged (1300 × g 
for 10 min) at room temperature (RT) within 30 min of venipuncture unless otherwise 

stated. Clean catch urine samples were centrifuged (1000 × g for 10 min at 4°C) within 

30 min of collection unless otherwise stated for HV and patients on the mepolizumab and 

benralizumab studies. For patients on the dexpramipexole study, clean catch urine samples 

were collected and shipped overnight at RT prior to centrifugation (1000 × g for 10 min at 

4°C). All samples were stored at −80°C.
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2.3 | Multiplex assay

Plasma, serum, and urine EGP concentrations were measured simultaneously by multiplex 

assay as previously described.38 Briefly, samples were reduced and alkylated to prevent 

aggregation, as described in the supplement. Purified EGP standards were diluted in assay 

buffer (1× PBS, 1% BSA, and 0.05% Tween-20) to an initial concentration of 500 ng/ml 

each, and then serially diluted 1:3. Samples were diluted 1:220 in assay buffer for all assays 

except urine EMBP1, ECP, and EPO, which were diluted 1:8.8 in assay buffer. Assay results 

are reported as concentrations calculated from the standard curve using mean fluorescent 

intensity (MFI) from duplicate samples. Plasma samples with concentrations below the 

lower limit of detection for the assay were assigned values equivalent to the lower limit of 

detection: 2.2 ng/ml for EMBP1, ECP, and EDN, and 0.47 ng/ml for EPO. To normalize 

for the variability in urine concentration between samples, urine creatinine was measured 

for each sample using a creatinine (Cr) urinary detection kit (ThermoFisher, Waltham, MA). 

Urine samples with concentrations below the lower limit of detection for the assay were 

assigned values equivalent to 2.2 ng/mg Cr for EMBP1, ECP, and EDN, and 0.47 ng/mg Cr 

for EPO.

2.4 | Statistical analysis

The Mann– Whitney test was used for comparison of two groups (Figures 1, 3, and S5) 

and the Spearman rank test for correlations (Figures 4, S3, and S6). Repeated measures 

were analyzed using the Friedman test with Dunn’s adjustment for comparing each day 

to baseline (Figure 5) or using a Wilcoxon signed rank test when only two time points 

and two groups were being compared (Figure 1). The Kruskal–Wallis test with Dunn’s 

adjustment for all pairwise multiple comparisons was used for comparing more than two 

groups (Figures 2 and S4). Geometric means summarize central tendencies, appropriate for 

the log scale or ratio scale axes. A p-value ≤ 0.05 was considered statistically significant for 

all tests. Methods for statistical modeling are described in the supplement.

3 | RESULTS

3.1 | EGP measurement stability

To assess the effect of delayed sample processing on EGP concentration, blood was drawn 

from patients with HES and processed within 30 min of collection (0 h) or allowed 

to sit at RT for 24 h before processing. Serum and plasma EGP concentrations were 

significantly increased for all four EGP in samples processed at 24 h compared with those 

processed within 30 min (Figure 1A,B). In contrast, urine EGP concentrations remained 

stable irrespective of processing time (Figure 1C). If the increased EGP concentrations in 

the samples processed after 24 h were a function of eosinophil lysis and degranulation in 

the blood prior to measurement, then the difference between EGP measured at 0 and 24 h 

would be expected to correlate with the initial AEC. The AEC measured at 0 h correlated 

with changes in sEMBP1 (r = 0.58, p < 0.05), sEDN (r = 0.83, p < 0.001), and sEPO (r = 

0.59, p < 0.05) (Figure S3).
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3.2 | Both pEDN and uEDN concentrations decrease with benralizumab and mepolizumab 
treatment

The geometric mean (GM) plasma concentrations of all four EGP were increased in patients 

with HES (n = 29) compared with those in HV (n = 38) (4564 vs. 44 ng/mL for pEMBP1, 

2190 vs. 219 ng/ml for pECP, 642 vs. 60 ng/ml for pEDN, and 118 vs. 5 ng/ml for pEPO; 

p < 0.001 for all comparisons) (Figure 2A). Similarly, GM plasma concentrations of all 

four EGP were increased in EGPA patients (n = 56) compared with HV (265 vs. 44 ng/ml 

for pEMBP1, p < 0.0001; 5061 vs. 219 ng/ml for pECP, p < 0.0001; 116 vs. 60 ng/ml 

for pEDN, p < 0.01; and 11 vs. 5 ng/ml for pEPO p < 0.0001). Notably, GM plasma 

concentrations of EMBP1, EDN, and EPO were significantly higher in HES patients than in 

EGPA patients (4564 vs. 265 ng/ml for pEMBP1, 642 vs. 116 ng/ml for pEDN, and 118 vs. 

11 ng/ml for pEPO; p < 0.0001 for all comparisons).

Overall, EMBP1 and ECP were detected in higher concentrations in plasma than the 

more eosinophil-specific EDN and EPO. In contrast, EDN was the predominant EGP 

measurable in urine with measurable concentrations detected in all study participants 

and substantially higher GM concentrations than those for uEMBP1, uECP, and uEPO 

(Figure 2B). Concentrations of uEDN were similar in patients with HES and EGPA and 

significantly higher in both groups than in patients with eosinophilic asthma and HV 

(1370 ng/mg Cr vs. 370 ng/mg Cr, p < 0.001; and 1370 ng/mg Cr vs. 305 ng/mg Cr, p 
< 0.001, respectively, for HES and 1618 ng/mg Cr vs. 370 ng/mg Cr, p < 0.0001; and 

1618 ng/mg Cr vs. 305 ng/mg Cr, p < 0.0001, respectively, for EGPA). Of note, GM 

uEMBP1 and uEPO concentrations were significantly increased in HES patients compared 

with patients with EGPA or eosinophilic asthma. HES patients had significantly higher AEC 

than eosinophilic asthma and EGPA patients and HV (p < 0.0001 for all comparisons) 

(Figure S4). Although eosinophilic asthma patients had elevated AEC compared with EGPA 

patients and HV (p < 0.0001 for both comparisons), none of the eosinophilic asthma patients 

had hypereosinophilia (AEC ≥ 1.5 × 109/L).

To determine the effect of eosinophil-targeted therapy on plasma and urine EDN 

concentrations, urine and plasma samples were collected at baseline and at the primary 

endpoint visit from patients enrolled on placebo-controlled clinical trials of benralizumab 

(n = 19), mepolizumab (n = 56) and dexpramipexole (n = 99). Nine of the 10 patients 

with HES who received benralizumab had a significant reduction in AEC (>50%) at week 

(W)12 compared to three of nine evaluable patients who received placebo.56 Patients 

receiving benralizumab experienced a significant reduction in the GM pEDN and uEDN 

ratios (W12/W0) compared with patients receiving placebo (0.24 vs. 0.68, p < 0.01 and 0.05 

vs. 1.03, p < 0.001, respectively; Figure 3A and Table S3). Similarly, in the mechanistic 

substudy of the mepolizumab trial, patients with EGPA randomized to mepolizumab had 

a significant decrease in the GM AEC, pEDN and uEDN ratios (W24/W0) compared 

with patients who received placebo (AEC: 0.13 vs. 1.41, p < 0.0001, Figure S5; pEDN: 

0.37 vs. 1.14, p < 0.0001 and uEDN: 0.39 vs. 1.02, p < 0.01; Figure 3B and Table S3). 

Dexpramipexole did not cause a change in GM uEDN concentrations from week 0 to 

week 12 (Table S4), and the AEC ratio (W12/W0) did not correlate with the uEDN ratio 
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(W12/W0) for any arm of the study (placebo and dexpramipexole doses of 37.5 mg twice 

daily [BID], 75 mg BID, and 150 mg BID; Figure S6).

3.3 | pEDN, but not uEDN, correlates with AEC and prednisone dose

To determine whether the observed decrease in plasma and urine EDN in patients treated 

with benralizumab and mepolizumab could be accounted for solely by the decrease in AEC, 

baseline pEDN and uEDN concentrations for the 83 participants were examined in the 

context of the concomitant AEC. Plasma, but not urine, concentrations of EDN correlated 

with AEC (r = 0.78, p < 0.0001 and r = −0.02, p = 0.870, respectively; Figure 4A). Since 

glucocorticoid therapy can affect eosinophil activation, migration, and survival, and all 56 

of the patients with EGPA enrolled on the mepolizumab trial were receiving 7.5–50 mg 

prednisone/prednisolone at baseline, pEDN and uEDN concentrations were also assessed as 

a function of glucocorticoid dose. Glucocorticoid dose was negatively correlated with pEDN 

(r = −0.34, p = 0.012) and AEC (r = −0.39, p = 0.004), but not with uEDN (r = −0.17, p = 

0.202) (Figure 4B).

3.4 | Rise in pEDN precedes a peak rise in uEDN after one dose of benralizumab

To understand the kinetic effect of benralizumab on EDN concentrations in the blood and 

urine, samples were analyzed at days 0, 1, 2, 3, 7, 14, 21, and 28 after a single dose of 

benralizumab. After an initial increase in GM pEDN from 501 ng/ml at baseline to 1131 

ng/ml at day 1 (p < 0.05), GM pEDN concentrations stabilized and subsequently decreased 

significantly below baseline concentrations by day 28 (119 ng/ml; p < 0.05). GM uEDN 

concentration followed a similar pattern increasing from 746 ng/mg Cr to a peak of 1353 

ng/mg Cr at day 7 (p < 0.05) before decreasing (Figure 5). A GEE linear model was 

fit to predict the uEDN concentration. The prior day’s pEDN significantly improved the 

prediction of the current day’s uEDN, after controlling for the effect of day and the prior 

day’s uEDN concentration (p = 0.036).

3.5 | A rise in uEDN concentration precedes relapse in benralizumab and mepolizumab 
treatment

Six patients on the benralizumab trial relapsed (increasing AEC and recurrent HES 

symptoms) while on the open-label extension, resulting in discontinuation of benralizumab. 

Urine and plasma samples were collected through the point of relapse from five patients. 

The complete kinetics of EDN concentrations and AEC annotated with concomitant 

medication administration for each of the five patients is provided in Figure 6. Despite 

considerable variability in the timing between patients, pEDN and uEDN concentrations 

began to rise prior to the increase in AEC and reappearance of symptoms in all five patients.

Twenty-four patients who experienced a relapse of EGPA during the mepolizumab trial had 

AEC, urine and plasma samples collected at the time of the relapse ±10 days. Data from 

this time point were compared with those from the nearest preceding urine and plasma 

collection time point for each patient. (Figure S7). uEDN concentrations increased (ratio > 

1) in 20 of 24 patients (83%) around the time of relapse. The corresponding AEC and pEDN 

concentrations increased in only 14 of 23 (61%) and 12 of 24 (50%) patients, respectively.
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4 | DISCUSSION

Using a multiplex assay, EMBP1, ECP, EDN, and EPO concentrations were simultaneously 

measurable in serum, plasma, and urine from a large cohort of patients with EAD. Unlike 

serum and plasma concentrations, urine concentrations of EGP were unaffected by delayed 

processing. Moreover, urine EDN concentrations, but not plasma EDN concentrations or 

AEC, were measurable as a variable apparently independent of prednisone dose. Both 

plasma and urine EDN concentrations decreased significantly upon treatment of HES 

patients with benralizumab and EGPA patients with mepolizumab, and urine EDN appeared 

to increase prior to clinical relapse in both groups. These data suggest that urine EDN 

concentrations may provide a better measure of disease activity and treatment response than 

pEDN concentrations or AEC in patients with HES or EGPA.

Eosinophil lysis in blood resting at room temperature could inflate EGP concentrations in 

serum or plasma, especially in patients with high AEC. Although a recent study in study 

healthy volunteers demonstrated that pEDN was stable for up to 7 days at RT,57 our data 

suggest that this is not the case in eosinophilic patients. This was especially evident in 

serum samples from SST tubes from HES patients and to a lesser extent in plasma samples 

from K2 EDTA tubes. Thus, the ability to collect urine noninvasively and the stability of 

urine EGP over time suggest that urine EGP concentrations may be preferable to serum 

or plasma concentrations as a biomarker of eosinophil activity, especially in clinical trials 

where patient visits are limited and samples cannot be reliably processed within 30 min.

As expected, concentrations of all four EGP measured in plasma were elevated in patients 

with HES and EGPA compared with HV. Although all four EGP were detectable in urine, 

uEDN was detected at the highest concentrations and was measurable in all but one HV. 

This relative abundance of uEDN compared with other uEGP has been reported51,52,58,59 

and is likely multifactorial. In the case of EMBP1, which forms aggregates and complexes 

with other proteins in the blood, filtration through the kidney may be reduced.60–62 High 

concentrations of uECP have been reported only in urinary schistosomiasis,51,52 where the 

source (granulomas in the bladder wall) is downstream of kidney filtration. Whereas EDN 

and ECP are ribonucleases of similar size (ECP = 16 kDa, EDN = 18.9 kDa), EDN has 

a much lower isoelectric point (pI = 8.9 vs. 10.8)63–65 and its polypeptide sequence is 

identical to that of human urinary ribonuclease, which may account for its selective filtration 

through the kidney.66,67 Finally, there are no published data on uEPO, and concentrations in 

this study were generally low.

pEDN and uEDN concentrations decreased in response to eosinophil-lowering therapy with 

mepolizumab or benralizumab. To ensure that the elevated concentrations of uEDN in HES 

patients were not due to eosinophilic renal involvement, eGFR levels were measured and 

found to be comparable between the HES and eosinophilic asthma patients and were not 

correlated with uEDN concentration (data not shown). Unlike pEDN, uEDN concentrations 

showed no correlation with AEC or prednisone dose, another potential advantage in 

monitoring patients with EADs, who are frequently on glucocorticoid or AEC-lowering 

therapy. Despite evidence of active disease (based on ACQ-7 ≥ 1.5 at baseline) and 

higher geometric mean AECs at baseline compared with the EGPA cohort, uEDN was not 
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increased in the asthma patients compared to HV and did not change with dexpramipexole 

therapy. The reasons for this are unclear since published studies of both pEDN42,68–71 

and uEDN68 have demonstrated elevated EGP concentrations in patients with asthma that 

decline following successful treatment. The increased uEMBP1 and uEPO concentrations in 

patients with HES compared to patients with EGPA and eosinophilic asthma are intriguing 

in this regard and suggest the possibility that selective secretion of EGP may occur in EADs 

of differing pathogenesis.

Prospective collection of urine and plasma samples at multiple time points during 

a placebo-controlled trial of benralizumab in patients with HES56 provided a unique 

opportunity to study EGP kinetics following a single dose of an eosinophil-depleting 

drug. Urine and plasma were collected simultaneously and consistently in the morning 

for all patients to control for circadian variation in uEDN concentrations.57,72,73 The 

pattern of uEDN concentrations post-benralizumab treatment mirrored the pattern of pEDN 

concentrations, but with a delay. After an initial transient increase in pEDN followed by 

uEDN concentrations, presumably due to transient eosinophil degranulation in the setting 

of benralizumab-induced cytotoxicity,56,74,75 pEDN and uEDN concentrations decreased 

dramatically and remained low for the duration of the study in patients whose symptoms and 

eosinophilia were controlled.

Most (24 of 28; 86%) EGPA patients who received mepolizumab therapy on the mechanistic 

sub-study experienced at least one relapse requiring an increase in prednisone dose during 

the trial, and six of 17 (35%) HES patients who demonstrated a clinical and hematologic 

response to benralizumab experienced a relapse resulting in discontinuation of benralizumab 

therapy. Since clinical relapse, with the potential for end organ damage, frequently precedes 

a significant rise in AEC, better biomarkers are clearly needed. Increases in pEDN and 

uEDN concentrations appeared to precede the development of clinical symptoms and rise 

of AEC in patients who relapsed on benralizumab. Similarly, even though urine was only 

collected at three specified time points in the mepolizumab trial, an increase in uEDN within 

10 days of relapse was detected in >80% of patients for whom samples were available. 

Corresponding increases in AEC and pEDN were observed in only 61% and 50% of 

patients, respectively. While preliminary, these data suggest that uEDN may be a useful 

early marker of relapse in patients with EGPA and HES treated with eosinophil-lowering 

biologics. Larger trials with more frequent urine collections are necessary to validate these 

findings.

This study is the largest to date directly comparing plasma and urine EGP concentrations in 

patients with EADs over time and in response to eosinophil-targeted therapies. Limitations 

included (1) the study population, which largely excluded patients with glucocorticoid-

refractory eosinophilic disease, and no patients with eosinophilic cystitis or nephritis, who 

may have eosinophiluria, were included, (2) the infrequent prespecified time points in the 

mepolizumab and dexpramipexole cohorts, (3) the multiplex assay itself, which, unlike 

a recently described ELISA,76 does not discriminate between the precursor (proEMBP1) 

and mature forms of EMBP1, and (4) the fact that other inflammatory mediators, such as 

cytokines, chemokines, oxylipins, reactive oxygen species, and reaction products potentially 

contributing to disease activity, were not measured in this study. Despite these limitations, 
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the data suggest that uEDN has several advantages over pEDN and AEC as a measure 

of disease activity in HES and EGPA. Placebo-controlled prospective studies with clinical 

disease activity endpoints are needed to confirm the utility of uEDN as a biomarker of 

relapse in these disorders.
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ECP eosinophil cationic protein

EDN eosinophil-derived neurotoxin

EF eosinophilic fasciitis

EGID eosinophilic gastrointestinal disease

EGP eosinophil granule proteins

EGPA eosinophilic granulomatosis with polyangiitis

EoE eosinophilic esophagitis

EPO eosinophil peroxidase

FHES familial hypereosinophilic syndrome

GC glucocorticoid

GM geometric mean

HES hypereosinophilic syndrome

HV healthy volunteers

IRB Institutional Review Board

mAb monoclonal antibody

EMBP1 eosinophil major basic protein 1

MFI mean fluorescence intensity

OCS oral glucocorticoids

p plasma

pI isoelectric point

RT room temperature

s serum

sc subcutaneous

TREAD Taskforce on the Research Needs of Eosinophil-Associated Diseases

u urine

W week
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FIGURE 1. 
Serum and plasma concentrations of EGP significantly increase, and urine concentrations 

of EGP remain stable after delayed processing. EMBP1, ECP, EDN, and EPO levels were 

assessed by multiplex from (A) serum (N = 15, ***p < 0.001, ****p < 0.0001), (B) plasma 

(N = 9, *p < 0.05, **p < 0.01), and (C) urine (N = 13) from HES patients that were 

processed within 30 min of collection (0 h) and after resting at room temperature for 24 h
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FIGURE 2. 
Patients with EAD have elevated concentrations of plasma and urine EGP. (A) Plasma EGP 

concentrations (**p < 0.01, ***p < 0.001, ****p < 0.0001) were compared between patients 

with HES (N = 29), EGPA (N = 56), and HV (N = 38), with adjustment for multiple 

comparisons. (B) Urine EGP concentrations (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 

0.0001) were compared between patients with HES (N = 29), EGPA (N = 56), eosinophilic 

asthma (N = 99), and HV (N = 38), with adjustment for multiple comparisons
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FIGURE 3. 
The plasma ratio and uEDN ratio significantly decrease in response to benralizumab and 

mepolizumab compared to placebo. The EDN ratio was assessed from plasma (**p < 

0.01, ****p < 0.0001) and urine (**p < 0.01, ***p < 0.001) collected from (A) PDGFRA-

negative HES patients at baseline and week 12 receiving placebo (N = 9), or benralizumab 

(N = 10), the open symbols represent nonresponders, and (B) EGPA patients at baseline and 

week 24 receiving placebo (N = 22) or mepolizumab (N = 25)
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FIGURE 4. 
Plasma, but not urine, EDN concentrations correlate with AEC and prednisone dose. (A) 

Correlation of pEDN or uEDN with AEC collected from EAD patients at baseline (N = 

83). (B) Correlation of pEDN, uEDN, or AEC with prednisone dose collected from EGPA 

patients at baseline (N = 56)
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FIGURE 5. 
Plasma EDN concentrations rise to a peak after single dose of benralizumab that is followed 

by a reduction significantly below baseline. The same pattern is seen for urine EDN levels 

but delayed. AEC decreases steadily after one dose of benralizumab. pEDN levels, uEDN 

levels and AEC were compared between each time point, with adjustment for multiple 

comparisons, after a single dose of benralizumab indicated by the geometric mean of 

patients with PDGFRA-negative HES (N = 17, nonresponders excluded), with error bars 

specifying the 95% confidence interval (CI)
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FIGURE 6. 
pEDN and uEDN concentrations increase prior to relapse on benralizumab. pEDN 

concentrations (purple circles, left y-axis) and uEDN concentrations (orange squares, left 

y-axis) prior to development of clinical symptoms related to HES disease relapse (black 

arrow) and/or prior to a rise in AEC (red diamonds, right y-axis)
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