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Ratio of plasma IL-13/TNF- > and
CXCL10/CCL17 predicts
mepolizumab and omalizumab
response in asthma better

than eosinophil count

or immunoglobulin E level

Ayobami Akenroye¥?*, Tanawin Nopsopon?, Jonathan J. Hacker! & Tanya M. Laidlaw*

To date, most studies to identify biomarkers associated with response to the anti-interleukin 5 agent,
mepolizumab, and to the anti-immunoglobulin E agent, omalizumab have focused on clinically
available biomarkers, such as the peripheral blood eosinophil counts (BEC) and total immunoglobulin
E (IgE). However, these biomarkers often have low predictive accuracy, with many patients

with eosinophilic or allergic asthma failing to demonstrate clinical response to mepolizumab or
omalizumab respectively. In this study, we evaluated the association of baseline pre-biologic plasma
levels of 26 cytokines and chemokines, including T-helper 1 (Thl)-, Th2-, Th17-related cytokines, and
their ratios with subsequent clinical response to mepolizumab or omalizumab. We defined clinical
response as a reduction in the baseline annual exacerbation rate by half or more over the one-year
period following initiation of the biologic. Baseline levels of plasma IL-13 were differentially elevated
in responders versus non-responders to mepolizumab and plasma CXCL10 levels were differentially
elevated in responders to omalizumab. The ratio of IL-13/TNF-a had the best sensitivity and specificity
in predicting response to mepolizumab and CXCL10/CCL17 to omalizumab, and these performed
better as predictive biomarkers of response than BEC and IgE. Cytokines and chemokines associated
with airway eosinophilia, allergic inflammation, or Th2 inflammation, such as IL-13 and CXCL10, may
be better predictors of clinical response to mepolizumab and omalizumab, than IL-5 or IgE, the targets
of mepolizumab and omalizumab.

Over the past two decades, six monoclonal antibodies “biologics” have been approved for the treatment of severe
asthma uncontrolled on conventional therapy'. In randomized trials and in clinical cohorts, these biologics sig-
nificantly reduced asthma exacerbations, improved lung function, and improved overall asthma-related quality
of life>*. The potential value of these biologics is however not being maximized given the paucity of accurate
predictors to inform therapeutic decisions on which biologic a patient is likely, or unlikely, to respond to. This
challenge has become more important as more biologics are rapidly introduced to the market- five of these six
biologics were approved in the six-year period between 2015 and 2021- and given the high percentage of patients
eligible for two or more of these therapies*. The current approach includes selection of an initial biologic based on
provider choice and switching from one biologic to the another if a patient demonstrates suboptimal response™®.
This trial-and-error approach is frustrating to patients, challenging to providers, and can lead to potentially fatal
delays in optimizing asthma control in this high-risk patients. Furthermore, this approach is costly given that
these biologics are expensive and cost about $30,000-$40,000 per patient annually’. Thus, the identification of
biomarkers to differentiate patients likely to respond to each of these therapies from those unlikely to respond
is potentially of great clinical value to patients, their providers, and to the health system.
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Omalizumab, an anti-immunoglobulin E antibody, and mepolizumab, which blocks interleukin 5 (IL-5), a
major player in eosinophilic inflammation, were the first FDA-approved respiratory biologics and two of the most
used respiratory biologics worldwide. Although a few clinical biomarkers have been shown to be associated with
omalizumab and/or mepolizumab response, these biomarkers have limited predictive power and are also likely
to be associated with response to the other biologics. For instance, mepolizumab’s efficacy increases as peripheral
eosinophil count increases®. However, not all asthmatic patients with peripheral eosinophilia demonstrate clini-
cal response to mepolizumab®. One possible explanation for this is the lack of congruence between peripheral
and airway eosinophilia. Thus, a biomarker that correlates better with airway tissue eosinophilia may be a better
predictor of mepolizumab’s response. Additionally, given that the immune system is complex and abounds with
interactions between cytokines and chemokines, the most helpful biomarkers may be those involving balance
between two or more biomarkers.

Asthma has historically been considered a ‘type 2’ inflammatory disease involving cytokines produced by
T-helper (Th)-2 lymphocytes and innate lymphoid cell type 2 (ILC2). However, there is growing evidence that
many patients with asthma demonstrate a mixed endotype of type 1 and type 2 inflammation, and that the
balance between Th2- and Th1- or Th17-related cytokines is associated with asthma development, phenotype,
disease severity, asthma exacerbations, and response to corticosteroid treatment.’~'® In this study, we evaluated
the association between Th1-, Th2-, and Th17-related cytokines and chemokines and their ratios with subsequent
clinical response to omalizumab and mepolizumab.

Methods

Study population and data extraction

We identified the first 39 monoclonal antibody-naive patients with severe asthma who initiated omalizumab
(n=21) or mepolizumab (n=18) between April 2015 and July 2022, had plasma samples in the Mass General
Brigham (MGB) Biobank collected prior to biologic therapy initiation but not during an acute exacerbation, and
who had no other indication for omalizumab or mepolizumab'. The MGB Biobank collects and stores blood
samples from patients within the MGB health system in Boston, MA and provides these samples to researchers
within the MGB system for a nominal fee following approval by the MGB Institutional Review Board (IRB)".
We defined clinical response as a reduction in the baseline annual exacerbation rate by at least half over the one-
year period following initiation of omalizumab or mepolizumab®. Exacerbations were defined as an emergency
room visit or hospitalization with a primary diagnosis of asthma or an ambulatory visit with a prescription of
oral corticosteroids for > 3 days. Steroid prescriptions within 7 days of each other were counted as a single exac-
erbation episode®?!. Patients were followed from therapy initiation to 12 months following initiation or to the
end of administrative follow-up (December 2022). Individuals who switched to another biologic were censored
at the point of switching to avoid misappropriately attributing their outcome to the index biologic. Clinical
characteristics of the cohort were extracted electronically from the medical records with additional manual chart
reviews conducted when data were missing. This was a non-experimental study approved by the MGB IRB and
conformed to the guiding principles of Human Subjects Research?.

Proteomics assay of cytokines and chemokines

We conducted a high-throughput aptamer-based proteomics assay to evaluate 26 cytokines and chemokines
selected from a list of 6,600 possible human protein targets using the SomaScan assay?***. This included alarmins
which stimulate the release of Th2-related cytokines (thymic stromal lymphopoietin (TSLP) and IL-25/IL-17E),
canonical Th2 cytokines (IL-4, 5, 9, 13), Thl-type cytokines (interferon gamma (IFN-), tumor necrosis alpha
(TNF-a), Thl-attracting (IFN-gamma-inducible protein 10 (IP-10)/CXCL10 ), Th2-attracting chemokines (thy-
mus and activation-regulated chemokine (TARC)/CCL17), macrophage-derived chemokine (MDC)/CCL22),
I-309/CCL1), Th17-associated cytokines or cytokines which stimulate neutrophils to produce IL-17 (IL-17A-E,
1121, IL-22, IL-23), or Th-17 chemoattractant (Gro-alpha/CXCL-1 and IL-8/CXCL-8), and other pro-inflamma-
tory cytokines including IL-6, IL-21, IL-1a, IL-18, and the immunomodulatory cytokine, IL-10%>%.

The technique of the SomaScan assay by Somalogic and the quality control processes have been previously
described”?*. Briefly, modified aptamers (SOMAmer reagents) bind to the protein targets in the plasma sample.
Non-specifically bound SOMAmer reagents are removed in multiple washing steps and readout in relative fluo-
rescent units (RFU) are done using Agilent hybridization, scan, and feature extraction technology. Experimental
controls are added to each 96-well plate for quality control and calibration, controlling for batch effects and to
estimate the accuracy and the background buffer effects of the assay. Twelve Hybridization Control SOMAmer
reagents are added alongside the SOMAmer reagents and are measured from both the biological samples and
the experimental controls to control for readout variability. Data standardization with signal normalization to
sample-specific signals within dilution bins and calibration are done. Total coefficients of variation (CV) are
calculated and expected to be less than 20% for all analytes demonstrating that technical bias is mitigated. In
general, SomaScan’s CV was about ~ 5% for all targets of interest.

Descriptive analyses

We describe the clinical characteristics of the cohort at baseline using means and standard deviations or medians
and interquartile ranges for continuous variables and proportions for categorical variables. In exploratory analy-
ses, we also evaluated clinical characteristics by response status. Thereafter, we evaluated statistical correlation
between each pair of proteins at baseline using Spearman correlation in responders versus nonresponders to
identify protein relationships that are different by response status. Correlation coefficients with absolute values
of 0.8 or above (<— 0.8 or> +0.80) were considered to be ‘very strong, 0.6-0.7 as ‘moderate, 0.3-0.5 as ‘fair’,
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and 0.1-0.2 as ‘poor™'.
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Differential expression analyses

We followed standard protocols for analyzing proteomics data®»**. Prior to analyses, protein expression levels
were natural log transformed and median signal normalized to a reference by adaptive normalization with maxi-
mum likelihood within the dilution group. The expression levels were reported in Relative Fluorescence Units.
Using the limma package in R*?, we conducted differential expression analyses comparing the pre-treatment
plasma levels of each of the 26 proteins at omalizumab or mepolizumab initiation to identify top cytokines with
highest differential expression between responders and nonresponders. All models were adjusted for the baseline
pre-treatment exacerbation rate. Then, we evaluated the association of protein ratios with response using limma.
Given our low sample size, we did not adjust for multiple testing. In sensitivity analyses, we adjusted for the lag
between sample collection and initiation of therapy.

Exploratory analyses benchmarking the predictive accuracy of cytokines and cytokine ratios
against the baseline eosinophil count or IgE level

Given that the peripheral eosinophil count is associated with mepolizumab response and that IgE levels may
be associated with response to omalizumab***, we sought to evaluate if plasma cytokines or chemokines in the
top ratios associated with response would have better predictive accuracy than the baseline eosinophil count in
mepolizumab users or than the pre-treatment IgE level in omalizumab users. We used pre-defined bounds of 150
and 300 cells per microliter for eosinophil count, thresholds that have used to define eosinophilic asthma and
response to mepolizumab, and a cutoff of 100 ku/L for total IgE**. For each evaluated biomarker, that is cytokine
or chemokine levels or their ratios, we calculated the specificity, sensitivity, and accuracy. We constructed the
receiver operating characteristic (ROC) curve using the range of sensitivity and specificity from all possible cut-
points to categorize patients as responders or non-responders. Thereafter, we identified the optimal cut-point
that optimized the sensitivity and specificity of each biomarker and highlighted the biomarker(s) with the highest
area under the curve (AUC). If there was more than one optimal cut-point, the median value of the optimal cut-
off points was selected. Lastly, we benchmarked the performance of the biomarkers in the mepolizumab group
against the baseline eosinophil count > 150 or 300 cells/pL and against maximum eosinophil count within three
years =300 cells/uL. For the omalizumab group, we benchmarked the performance of these biomarkers against
the performance of the baseline IgE level > 100 IU/mL.

Results

Characteristics of the study population

The average age of patients in the mepolizumab group was 55.9 years, 72% were females, patients were obese
on average and had about 3.0 exacerbations in the prior year. The median peripheral eosinophil count was 244
cells per microliter at baseline [interquartile range, IQR, 69-362] (Table 1). The average age of patients in the
omalizumab group was 45.2 years, 86% were females, patients were overweight on average and had on average
2.1 exacerbations in the prior year. The median IgE level was 87 cells per microliter [IQR, 38-266] (Table 1.)
Seven (39%) of the 18 mepolizumab patients and 7 (33%) of the 21 omalizumab patients met criteria for clinical
response. All patients were still on biologic therapy at the time of the clinical outcome assessment. The follow-up

Mepolizumab | Omalizumab
N 18 21
Age in years, mean (SD) 55.9 (12.0) 45.2 (15.2)
Female, n (%) 13 (72) 18 (86)
‘White race, n (%) 13 (72) 19 (91)
Current smoker, n (%) 1(5.6) 0(0.0)
Former smoker, n (%) 5(27.8) 3(14.3)
BMLI, kg/m? mean (SD) 30.5 (7.3) 29.4 (8.0)
Baseline annualized exacerbation rate, mean (SD) 3.0(1.9) 2.1(1.6)
Baseline pre-bronchodilator FEV1, L; mean (SD) 2.0 (0.85) 2.5(0.85)
Baseline pre-bronchodilator FEV1% predicted, mean (SD) 70 (23) 86 (20)
Peripheral blood eosinophil counts, cells/uL; median [IQR]*
At biologic initiation 244 [69-362] 126 [72-280]
Maximum count in the 3 years before therapy initiation 600 [381-1210] | 220 [90-335]
Immunoglobulin E (IgE), IU/uL; median [IQR]* 215 [50-482] 87 [38-266]
Allergic rhinitis, n (%) 15 (83) 21 (100)
Atopic dermatitis, n (5) 0(0) 0(0)
COPD, n (%) 1(6) 0(0)

Table 1. Baseline characteristics of participants. BMI, Body mass index; COPD, chronic obstructive
pulmonary disease; FEV1, forced expiratory volume in one second; IQR, interquartile range; SD, standard
deviation. *One omalizumab user was missing baseline blood eosinophil counts and one mepolizumab user
with missing baseline IgE.
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period was a median of 365 days in both the omalizumab group (IQR: 365-365 days; range 173-365 days) and
in the mepolizumab group (IQR: 365-365 days; range 135-365 days). No omalizumab patient switched during
therapy. Two mepolizumab patients switched to another biologic on day 135 and day 355. The median time to
sample collection was 1 year for all patients with 30% of patients having samples within 6 months of therapy ini-
tiation. Non-responders to mepolizumab were mostly females and both mepolizumab and omalizumab respond-
ers had higher baseline IgE levels (Supplemental Table S1).

Differential expression analyses

For mepolizumab, IL-13 was significantly higher in responders (Fig. 1 and Table S2). Levels of IL-5 were also
higher in responders at baseline compared to non-responders and levels of TNF-a were lower in responders
though these differences did not reach statistical significance. In differential expression analyses comparing ratios
of cytokine pairs, adjusting for baseline exacerbation, the ratios of IL-13 to TNF-a, CCL1, IL-1a, IL-25, and to
IL-17F were all significantly higher in responders (Fig. 2 and Table S3).

For omalizumab, higher levels of CXCL10 were significantly higher in responders (Fig. 3 and Table S4). Levels
of IL-21 was lower in responders, but this difference did not reach statistical significance (p =0.06). In differential
expression analyses comparing ratios of cytokine pairs, adjusting for baseline exacerbation, the ratios of IP-10
to multiple other cytokines and chemokines were significantly different between responders and nonresponders
with CXCL10 to CCL17, CXCL10 to IL-21, and CXCL10 to IL-13 the top ratios which were significantly higher
in responders and IL-21 to IL-25, IL-21 to IL-23, and IL-21 to IL-17D significantly lower in responders (Fig. 4
and Table S5).

Results adjusting for the lag between sample collection and therapy initiation were consistent with the main
analyses showing that IL-13 was the cytokine most predictive of mepolizumab response and CXCL-10 of omali-
zumab response (Supplemental Figure S1 and S2).

Correlations between cytokines and chemokines at baseline by response status

For responders to mepolizumab, at baseline, multiple cytokine or chemokine pairs demonstrated strong negative
correlations. These included IL-17C and IL-10 (Spearman correlation coefficient, p: — 0.96), TSLP and IL-23 (p:
—0.86), IL-25 and IL-23 (p: — 0.86), IL-17A and CCL22 (p: — 0.82), CCL17 and IL-1p (p: — 0.82), and IL-13 and
CXCL10 levels (p: — 0.82), (Supplemental Figure S3). In non-responders, these negative correlations were either
‘fair’ to ‘poor’ (IL-13 and CXCL10; IL-25 and IL-23; CCL17 and IL-1P) or reversed with positive correlations
(IL-17C and IL-10, TSLP and IL-23, IL-17A and CCL22). TSLP levels were strongly positively correlated with
IL-17A and IL-6 levels in responders but only moderately or poorly correlated in nonresponders. Contrariwise,
IL-4 and TNF-a were strongly negatively correlated in nonresponders but only poorly correlated in responders
(Supplemental Figure S4).

In omalizumab responders, CCL1 had a perfect negative correlation with CXCLI (p: — 1.00) and very strong
negative correlations with CCL17 (p: — 0.96) (Supplemental Figure S4). However, in nonresponders there was
a positive correlation between CCL1 and CXCL1 and poor negative correlation between CCL1 and CCL17.
Similarly, the strong negative correlation between both TNF-a and CXCL1 and between IFN-g and CXCL1
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Figure 1. Differential expression analysis for 26 cytokines and response status in the mepolizumab group.
Shows the results from limma analysis adjusted for pre-treatment annualized exacerbation rate. Cytokines with
raw P-value <0.05 were considered statistically significant. Effect sizes were presented as log2 of fold change
where positive (negative) values indicated up-regulation in responders (non-responders). The vertical dashed
line represents no difference. The horizontal dashed line represents P-value <0.05. Green dot indicates levels of
the cytokine are higher in responders; Gray dot ‘None’ indicates levels of that cytokine are not different between
responders and nonresponders.

(2024) 14:10404 | https://doi.org/10.1038/s41598-024-60864-3 nature portfolio

Scientific Reports |



www.nature.com/scientificreports/

None
Up in Responders

2.04
IL13/CCL1
1.5 IL13/IL1AS BIL13/1L25
IL13ALA7F LT3/ TNE
E IL13/1L17C vlL13/1L22
= JTNEfCCL22 cxCL10/IL6
S 104 TNF/CXCL1
o
>
ke
;
0.54
0.04
T T T T T
-0.2 -0.1 0.0 0.1 0.2

log,(Fold change)

Figure 2. Differential expression analysis for ratios of cytokines/chemokines and response status in the
mepolizumab group. Shows the results from limma analysis adjusted for pre-treatment annualized exacerbation
rate. Cytokine ratios with raw P-value < 0.05 were considered statistically significant. Effect sizes are presented

as log?2 of fold change where positive (negative) values indicate up-regulation in responders (non-responders).
The vertical dashed line represents no difference. The horizontal dashed line represents P-value <0.05. Green dot
indicates levels of the cytokine are higher in responders; Gray dot “None” indicates levels of that cytokine are

not different between responders and nonresponders.
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Figure 3. Differential expression analysis for 26 cytokines and response status in the omalizumab group.
Shows the differential expression between omalizumab responders and non-responders from limma analysis
adjusted for pre-treatment annualized exacerbation rate. Cytokines with raw P-value < 0.05 were considered
statistically significant. Effect sizes are presented as log2 of fold change where positive (negative) values indicate
up-regulation in responders (non-responders). The vertical dashed line represents no difference. The horizontal
dashed line represents P-value < 0.05. Green dot indicates levels of the cytokine are higher in responders; Gray
dot “None” indicates levels of that cytokine are not different between responders and nonresponders.

were poor positive correlations in nonresponders. All positive correlations in responders were also positive
correlations in nonresponders. However, only 2 of the 11 strong positive correlations between cytokines or
chemokines in responders demonstrated a similar degree of strength in nonresponders. Similarly, IL-17F and

IL-6 were strongly negatively correlated in nonresponders (p: -

ers (Supplemental Figure S4).

0.80) but were positively correlated in respond-
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Figure 4. Differential expression analysis for ratios of cytokines/chemokines and response status in the
omalizumab group. Shows the results from limma analysis adjusted for pre-treatment annualized exacerbation
rate. Cytokine ratios with raw P-value < 0.05 were considered statistically significant. Effect sizes were presented
as log2 of fold change where positive (negative) values indicated up-regulation responders (non-responders).
The vertical dashed lines represented no difference. The horizontal dashed line represented P-value <0.05.

Green dot indicates levels of the cytokine are higher in responders; Red circle with triangle indicates levels of the
cytokine are higher in nonresponders (or lower in responders); Gray dot “None” indicates levels of that cytokine
are not different between responders and nonresponders.

Exploratory analyses benchmarking the predictive accuracy of cytokines and cytokine ratios
against the baseline eosinophil count or IgE level

For mepolizumab, we evaluated the predictive accuracy of the ratios of IL-13 to CCL1, IL-1a, IL-25, TNF-a, and
IL-17F, which were all significantly associated with response in differential expression analyses, to the predictive
accuracy of the peripheral eosinophil count at baseline. Using an eosinophil cut-off of > 150 and > 300 cells/pl at
baseline to identify potential responders to mepolizumab had a sensitivity of 86% and 71% respectively. However,
specificity using the cut-off of eosinophils > 150 cells/ul was 55% while that using the cut-off of eosinophils > 300
cells/ul was 82% (Table 2 and Supplemental Figure S5). Combining IL-13 levels or the ratio of IL-13 to IL-13
to TNF-a, IL-25, or IL-17F, improved specificity of using > 300 cells/ul but the sensitivity remained unchanged
(Table 2). Likewise, when IL-13/IL-25 or IL-13/IL-17F was used in conjunction with eosinophil > 150 to define
response, the specificity improved significantly (from 55 to 91%) but the sensitivity decreased from 86 to 71%. The
single biomarker that maximized sensitivity and specificity was IL13/TNF- o that had sensitivity and specificity
both above >82% (Table 2 and Supplemental Figure S5).

For omalizumab, the sensitivity of all measures including the baseline IgE, CXCL10, and CXCL10 to IL-4,
IL-13, IL-17B, IL-21 ratios, which were significantly associated with response in differential expression analyses,
ranged from 29 to 57% (Table 3) and specificity ranged from 64 to 100%. Using a baseline IgE cutoff of > 100 IU/
mL had a sensitivity of 57% and specificity of 64%. Its specificity increased when combined with CXCL10 or its
ratios with a worsening of its sensitivity. The ratio of CXCL10 to CCL17 had the highest sensitivity of 71% and
had a specificity of 79% (Table 3 and Supplemental Figure S6).

Discussion

In this relatively small cohort of patients with severe asthma receiving mepolizumab or omalizumab, baseline
plasma IL-13 levels were differentially expressed and higher in patients who subsequently had a clinical response
to mepolizumab, while plasma CXCL10 levels were higher in responders to omalizumab. Baseline levels of IL-5,
the target of mepolizumab, also tended to be higher in mepolizumab responders but did not significantly dif-
ferentiate responders from nonresponders in this cohort of patients with severe eosinophilic asthma patients
with high burden of exacerbations at baseline (average exacerbations and eosinophil count: 3 exacerbations in
the prior year and 244 eosinophils per uL). In descriptive analyses, we found multiple relationships between
pairs of cytokines to be different pretreatment in responders compared to nonresponders. In general, responders
tended to have stronger negative correlations between Th2-type cytokines and other pro-inflammatory, Thl-, or
Th-17-type cytokines. For mepolizumab, responders were more likely to demonstrate strong negative correlations
between a Th2-attracting chemokine or alarmin (TSLP, CCL22) and a Th-17 associated cytokine (IL-17A, IL-17C,
IL-23) while these relationships were positively correlated or poorly negatively correlated in non-responders.
This might reflect patients that have clearly T2-high asthma, rather than a mixed endotype, and thus likely
to respond better to mepolizumab. Similarly, for omalizumab, many of the inversed relationships at baseline
between responders and nonresponders involved Th2-type cytokines and Th1-type cytokines with responders
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*Measures used in cutoff Sensitivity | Specificity | Accuracy | AUC
Baseline Eos>300+1IL-13 0.71 1.00 0.89 0.83
Baseline Eos >300 +IL-13/IL-25 0.71 1.00 0.89 0.83
Baseline Eos >300 +IL-13/TNF- & 0.71 1.00 0.89 0.83
Baseline Eos >300 +IL-13/IL-17F 0.71 1.00 0.89 0.83
IL13/TNF- o 0.86 0.82 0.83 0.88
Max Eos >300 +IL-13/TNF- 0.86 0.82 0.83 0.90
Max Eos =300 +IL-13/IL-1 & 0.71 0.91 0.83 0.88
Baseline Eos> 150 +IL-13/IL-25 0.71 0.91 0.83 0.84
Baseline Eos>150+1L-13/IL-17F 0.71 091 0.83 0.84
IL13/IL1 o 0.71 0.91 0.83 0.84
Baseline Eos >300 +IL-13/IL-1 o 0.57 1.00 0.83 0.83
Max Eos>300+IL-13 0.86 0.73 0.78 0.84
Baseline Eos > 300 0.71 0.82 0.78 0.77
Max Eos>300 +IL-13/IL-25 0.71 0.82 0.78 0.88
Baseline Eos > 150 + IL-13/TNF- & 0.71 0.82 0.78 0.82
Max Eos>300 +IL-13/IL-17F 0.71 0.82 0.78 0.88
IL-13/IL-25 0.71 0.82 0.78 0.82
IL-13/IL-17F 0.71 0.82 0.78 0.86
Baseline Eos>150+IL-13/IL-1 & 0.57 0.91 0.78 0.82
IL-13 0.86 0.64 0.72 0.79
Baseline Eos > 150 +IL-13 0.71 0.73 0.72 0.78
Baseline Eos > 150 0.86 0.55 0.67 0.70
Max Eos =300 1.00 0.36 0.61 0.68

Table 2. Sensitivity, specificity, and accuracy of predicting mepolizumab response using cutoffs defined by the
top cytokine or ratios. *Eos: eosinophil count in cells/microliter; Max Eos: maximum eosinophil count in the
3 years prior; Cytokine or chemokine cut-off points are at the point that maximizes predictive accuracy.

*Measures used in cutoff Sensitivity | Specificity | Accuracy | AUC
Optimal CXCL10 0.57 1.00 0.86 0.63
Optimal CXCL10/IL-21 0.57 0.93 0.81 0.65
Optimal CXCL10/CCL17 0.71 0.79 0.76 0.77
IgE >100+ CXCL10 0.43 1.00 0.81 0.66
Optimal CXCL10/IL-13 0.43 1.00 0.81 0.64
Optimal CXCL10/IL-4 0.43 1.00 0.81 0.59
Optimal CXCL10/IL-17B 0.43 1.00 0.81 0.61
IgE >100+ CXCL10/IL-21 0.43 0.93 0.76 0.66
IgE>100+ CXCL10/IL-13 0.29 1.00 0.76 0.66
IgE >100+ CXCL10/IL-4 0.29 1.00 0.76 0.62
IgE >100+ CXCL10/IL-17B 0.29 1.00 0.76 0.64
IgE>100 0.57 0.64 0.62 0.61
IgE>100+CXCL10/CCL17 0.29 0.93 0.71 0.62

Table 3. Sensitivity, Specificity, and Accuracy of predicting omalizumab response using cutoffs defined by the
top cytokine or ratios. *IgE: total immunoglobulin E in ku/L at baseline; ‘Optimal’: using the cut-off point for
the cytokine or ratio that maximizes predictive accuracy.

having stronger negative correlations between Th1 and Th2 type cytokines and chemokines, in general, compared
to nonresponders in whom there was a single strong negative correlation which was between IL-17F and IL-6.

Mepolizumab is approved for the treatment of severe eosinophilic asthma, a “type 2” inflammatory-associated
phenotype. IL-13, which we found to be significantly associated with response, induces type 2 inflammation
and promotes eosinophilic airway inflammation®. It regulates eotaxin-dependent eosinophil tracking to the
lungs in allergen-mediated airway inflammation’®® and upregulates CCL22 levels*”’. CCL22 has been shown to
induce airway eosinophil migration in both mouse models and humans ***. Thus, although all mepolizumab-
treated patients in this study met criteria for eosinophilic asthma based on their pre-treatment peripheral blood
eosinophil counts, peripheral eosinophilia does not necessarily correlate with airway eosinophilia and patients
with higher IL-13 levels at baseline may have higher airway tissue eosinophilia and be more likely to respond
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to anti-eosinophil agents like mepolizumab. It is also not surprising that in this cohort, IL-13 was more pre-
dictive of response compared to IL-5, mepolizumab’s target and a cytokine important for eosinophil survival
and maturation, since mepolizumab patients are preselected for having high peripheral eosinophil counts thus
limiting the variability in IL-5 levels. However, another study using sputum levels of inflammatory markers
found that only anti-eosinophil peroxidase (EPX) antibody levels, but not IL-5 or IL-13 levels, were associated
with suboptimal response to mepolizumab in asthma®’. This is consistent with prior studies using sputa show-
ing that many patients with severe asthma have autoantibodies in their airways which may correlate with poor
response to therapies*!*2,

For omalizumab, our finding that higher levels of CXCL10 was associated with better response is consistent
with prior studies that have shown that elevated CXCL10 is associated with omalizumab response and/or pro-
motes allergic airway inflammation.**** Elevated CXCL10 might reflect a group of patients who meet eligibility
criteria for omalizumab and whose asthma is predominantly triggered by environmental allergens, as opposed to
patients who may have perennial rhinitis but whose asthma is primarily triggered by other agents like smoke!**.
Additionally, although these patients had on average two exacerbations in the year prior to omalizumab, elevated
levels of CXCL10 may correlate further with asthma severity suggesting a subcohort of patients with a higher
burden of exacerbations as shown in a prior study*. Multiple factors are associated with nonresponse to biolog-
ics including the existence of ongoing airway autoimmune pathology*’. CXCL10 levels are elevated in a wide
range of autoimmune diseases and, although we found that it is elevated in responders, is a pleotropic cytokine
in need of additional research on its role in response to omalizumab.

We also found the IL-13/ TNF-a ratio and the ratio of CXCL10 to CCL17 improve the predictive accuracy
of IL-13 and CXCL10 in predicting response to mepolizumab and omalizumab respectively. These patients may
represent patients with distinct (high ratios) versus mixed endotypes (low ratios). Asthma is a highly heteroge-
neous disease and there is ample evidence that the classification of asthma into T2-high versus T2-low is highly
simplistic with the existence of multiple subendotypes and subphenotypes*®**. Patients with severe asthma
demonstrate even higher phenotypic and endotypic heterogeneity characterized by a complex interaction of
the Th1, Th2, and Th17 axes.*->! Pro-inflammatory, Th1, and Th17 cytokines including IFN-y, TNF-a, IL-17A,
IL-17F, and IL-22 are associated with severe steroid-resistant asthma and neutrophilic inflammation.>>-> Higher
baseline levels of the IL-13/TNF-a ratio, which we found to have the best sensitivity and specificity in predicting
mepolizumab response, may indicate patients who have a predominantly eosinophilic endotype rather than a
mixed eosinophilic and neutrophilic endotype thus demonstrating better response to mepolizumab. In a prior
study, TNF-q, a neutrophil and eosinophil chemoattractant, increased sputum neutrophilia and airway hyper-
responsiveness in normal subjects.” TNF-a also promotes the damaging effects of eosinophilic inflammation
on the epithelium.> Thus, elevations of both IL-13 and TNF-a may suggest a ‘double hit’ in these mepolizumab
patients. In two previous studies, 10 to 12 weeks of etanercept, an anti-TNF fusion protein, improved lung func-
tion, bronchial responsiveness, and asthma-related quality of life®>*”. This has however not been replicated in
other studies likely due to differences in the study populations and suggesting that only patients with T2 high
asthma and a hyperactive TNF axis may benefit from TNF-targeted therapy®>**>. Similarly, for omalizumab,
a higher ratio of CXCL10 to CCL17 and to the Th-17 cytokine, IL-21, were associated with better response to
omalizumab. This may suggest patients whose asthma pathology is predominantly allergic rather than those
with other autoinflammatory or Th-17 driven disease which, not surprisingly, would not respond as well to the
anti-IgE agent, omalizumab. However, there is also prior evidence that up to one-third to half of patients with
severe asthma may have a type 1 inflammatory signature in their airways which is associated with more severe
disease and corticosteroid resistance and potentially involving the interferon-gamma/CXCL10 axis®*®'. Thus,
additional research is needed into the implications of these findings.

Our results should be interpreted with caution. First, the cohort was relatively small. Thus, we had limited
statistical power and did not adjust for all possible confounders and multiple testing. Although our findings
are biologically plausible, they are novel and need to be validated in larger and more diverse cohorts. Relatedly,
most of our analyses should be seen as exploratory, not confirmatory, and the associations we have found may
not be causal. For instance, the correlations between protein pairs are descriptive and do not indicate causality®’.
Secondly, we may have missed exacerbations treated at centers outside the MGB health system. However, this
is likely to be an infrequent occurrence since most patients receiving their respiratory biologics in the MGB
system will be more likely to be followed within the system. Thirdly, we conducted proteomic assay only on
baseline plasma samples. Thus, we were unable to assess how the biologics affected the levels of these cytokines
over time or to evaluate how changes in medication dosage might have impacted proteins or outcomes. Though
our goal was to establish biomarkers that providers can use when selecting a respiratory biologic, future studies
should evaluate longitudinal changes in protein levels and in medication doses and how these changes impact
therapeutic response. Also, there was a lag between sample collection and therapy initiation in many patients.
However, studies have shown great intra-person stability of the proteome, even in asthma patients, and we had
limited the samples to those collected at the patient’s steady state®*!. Furthermore, the top cytokines remained
the same in sensitivity analyses including this lag in differential analyses. Finally, the proteomic assay evaluated
relative quantities, not absolute, of proteins. Thus, the values of these proteins would likely differ in a different
population. However, these relative quantifications are a valid measure of these proteins in our cohort®.

In this study, IL-13 differentiated mepolizumab responders from non-responders and CXCL10 differenti-
ated omalizumab responders from nonresponders. The relationships between the pretreatment levels of many
cytokines differed between patients who responded and those who did not respond to mepolizumab or omali-
zumab. The ratios of IL-13 and CXCL10 to multiple Th-1 and Th-17 cytokines and chemokines were associated
with response to mepolizumab and omalizumab respectively. These findings are biologically meaningful and
considering the high clinical and financial importance of identifying biomarkers predictive of response to these
respiratory biologics, the study findings should be explored in further studies.
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