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Online Methods: 

Immunoprecipitation and detection of C1q-bound Ig 

To achieve an optimum signal-to-noise ratio and counteract interferences from unknown soluble 

fractions (and endogenous peroxidases themselves), the total immunoglobulin from sputum 

supernatants (the cell-free soluble fraction of the processed sputum) were immunoprecipitated 

using Pierce™ Protein A/G Agarose (Thermo Fisher Scientific, MA, USA). 100 µL of sputum 

supernatant was optimised for 30 µL of resin slurry suspended in 100 µL binding buffer (0.1 M 

Sodium phosphate, 0.15 NaCl, pH 7.4). The 200 µL suspension was incubated on a rotator at 4˚C 

for an hour to allow thorough mixing of the protein beads and the sputum Igs. The beads were 

washed thrice with a high salt buffer (500 mM KCl, 0.1% Triton-X100, 20 mM Tris, pH 7.4) and 

eluted with 0.1 M Glycine, HCl (pH 2.60). An equal volume of 1M Tris (pH7.4) was added to 

neutralize. A 2-fold dilution was maintained for all samples by keeping the elution volume 

constant at 200 µl. 30 uL was used per well in duplicates to assess bound C1q using a commercial 

ELISA kit (Abcam #ab170246). Since the secondary detection antibodies supplied in kit are 

biotinylated, BluePhos® Microwell Phosphatase Substrate System (KPL Inc.) was used for colour 

development. 

 

Immunostaining of formalin fixed embedded (FFPE) sputum plugs 

Sputum plugs selected under the inverted microscope (100-150 mg in weight) were formalin 

fixed overnight, and paraffin embedded at the core histology unit (St Joseph’s Healthcare). 

Sectioned slides were treated successively with xylene and then with 100%, 90%, 80%, 70%, 50% 

alcohol for de-paraffination. Post antigen retrieval, 1% BSA-PBS was used for blocking non-
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specific sites. The slides were incubated with anti-human IgG (1:1000) or anti-human C1q or anti-

human IL-5 antibody (1:500) overnight at 4oC, in a humidifying chamber. The slides were next 

incubated for 1hr at room temperature with 100-200uL of goat anti-mouse IgG AlexaFluor 

546/goat anti-rabbit AlexaFluor 488 (1:1000). Slides were then washed, mounted with Prolong 

Gold DAPI and scanned using Olympus VS120-ASW v2.9 slide scanner. Routine haematoxylin and 

eosin (H&E) staining was done for quality control for each FFPE sputum plug slide. 

 

Imaging systems and HALO Image Quantification/Colocalization  

For image generation, both groups (IL5-IgG and C1q-IgG) sputum slides were scanned with 

(Olympus VS120-ASW v2.9 slide scanner)*; first at 2x objective for a quick overview image to 

determine the scanning areas of interest and avoid scanning empty spaces to minimize scanning 

time at the higher magnification level, and to prevent photo-bleaching by overexposure to 

fluorescent light. Then using Hamamatsu ORCA-Flash 4.0 scientific CMOS Camera on the slide 

scanner to scan selected areas of interest at 40x objective for Immunofluorescent channels: DAPI 

channel (Blue) for cytonuclear stain, FITC channel (Green) for IL5/C1q stains, and TRITC channel 

(Red) for IgG stain at exposure times of 100ms, 300ms and 400ms respectively (refer to 

supplementary figure E1).  HALO quantification software** (v2.3.2089.52) for digital histology 

and pathology provided by Indica Labs was used to analyze all sections of stained sputum 

samples. Sputum sample images for each stain (IL5-IgG and C1q-IgG) were opened and tiled 

accordingly in the software using the “Tile All” tab.   

 



Clinical response to anti-IL-5 monoclonal antibodies 
 

Mukherjee et al., 2020 
 

4 

For algorithm set up and image analysis FISH v1.1 module was used. The contrast was adjusted 

for the negative control image to the level of only extreme signals remain for an accurate 

depiction of true signals (sputum background signals induce false positives). The view settings 

are then saved, and all other images are set to the same standard as the negative control. The 

same procedure is followed regarding cell detection and stain detection setup; everything is set 

according to the negative control, and analysis on all other images follows suit. Cell detection 

algorithm is set by fine-tuning according to DAPI channel as the nuclear dye. Then FITC channel 

detection algorithm is established and completed while the cellular detection is active. The same 

process is repeated with TRITC channel detection algorithm. All algorithms are properly tuned to 

accurately detect all 3 stains individually, and then Combined Multi-Probe Detection is 

established with the cytonuclear channel algorithm to detect cell count and both probe 

algorithms (FITC “green”+ TRITC “red”) for positive signals and colocalization “yellow” detection 

are applied and used to analyze the other images related to the experiment group  (refer to 

supplementary figure E2).  

 

Cellular areas were annotated using the “Pen Tool”. To ensure trustworthy data, high-density 

areas have been excluded from the analysis using the “negative selection tool” as these areas of 

high-cellular density can be difficult for HALO™ to detect and analyze due to cells overlapping 

with each other, as well as the equally high sputum volume that tends to hold onto all stains. The 

initial validations used random selection of fields to assess repeatability within the same sample. 

The observer was blinded to the sample identity. Annotated regions are saved on each tissue file 

and all settings are then saved, and the analysis is run on images by selecting the algorithm of 
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choice and selecting “Analyze”. Analysis time varies with the type of algorithm and size of the 

image being analyzed. Data is then extracted and downloaded as a Microsoft Excel file.   

 

Statistical strategies for assessing predictors of sub-optimal response to anti-IL-5 mAbs (clinical 

cohort) 

All data collected from four academic centres were de-anonymized and shared for analysis 

between the centres. Descriptive statistics to evaluate demographic and baseline clinical 

characteristics between responder groups were conducted for diverse clinical parameters 

collected from all four centres.  Means and standard deviations were used to summarize 

continuous variables, while frequencies and percentages were used to summarize categorical 

variables.  We fit univariate and multivariate logistic regression models to estimate the 

association between different characteristics and the probability of response to anti-IL-5 therapy. 

The primary multivariate model included predictors that were available in at least 70% of 

patients. In the subset of patients who received oral corticosteroids (OCS), we fit a second 

multivariate model which additionally included dose and duration of prednisone use as 

predictors. The purpose of this analysis was to explore if there was an interaction between any 

of the predictors and the requirement for OCS. Data on sputum eosinophils was available only in 

64% of the total patient data collected. We fit an additional multivariate model in the subset of 

patients in which sputum (pre-treatment values) was added as a variable to the primary 

multivariate logistic regression model. From the logistic regression models, we reported the odds 

ratio and 95% confidence interval associated with each predictor. All regression models were 

generated using the R software (URL https://www.R-project.org/).  

https://www.r-project.org/)
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Statistical strategies :experimental cohort 

We calculated descriptive statistics using column statistics on GraphPad Prism version 8, and did 

further comparison with the clinical cohort to assess if the small subset was representative of the 

large clinical cohort. Means and standard deviations were used to summarize continuous 

variables, while frequencies and percentages were used to summarize categorical variables.   For 

the molecular end-points, Kruskal Wallis test with Dunn’s multiple comparison was used between 

responders (R), sub-optimal or non-responders (NR) and those who worsened (WR). GraphPad 

Prism version 8 (La Jolla, CA, USA) was used for statistical analysis and generation of plots.  To 

investigate molecular predictors to clinical response using univariate and multivariate regression 

models we adopted the following strategy due to the smaller sample size. The baseline (pre) 

values for all detected cytokines, mediators, autoantibodies and complement markers were 

independently assessed in a univariate regression analysis, followed by fitting the variables with 

P<0.05 into a multiple regression model, to generate possible predictor(s) for the observed non-

response in some patients. All regression models were generated using the R software (URL 

https://www.R-project.org/).  

https://www.r-project.org/)
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Table E1: Clinical parameters and response to Anti-IL-5 mAbs across four 

Canadian academic centre
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Variables 

(Total n=250) 

Centre 1 

Total=55 

Centre 2 

Total=88 

Centre 3 

Total=47 

Centre 4 

Total=60 

Sample 

Size 

Statistic Sample 

Size 

Statistic Sample 

Size 

Statistic Sample 

Size 

Statistic 

(a) Clinical parameters for patients included in analysis 

Male, n (%) 55 23 (42) 88 55 (63) 47 18 (38) 60 35 (58) 

Age (years) 55 54  ± 

15.0 

88 54  ± 

13.0 

47 59  ± 12 60 56  ± 12 

BMI (kg/m2) 53 27.9  ± 

7.3 

88 30.1  ± 

5.1 

37 28.9  ± 

7.2 

60 28.8  ± 

5.4 

Oral corticosteroids 

(OCS), n (%) 

55 29 (53) 88 65 (74) 47 22 (47) 60 25 (42) 

Asthma onset in 

adulthood, n (%) 

22 19 (86) 86 70 (81) 46 40 (87) 48 41 (85) 

Pre Blood Eos 

(x109/L) 

54 0.77  ± 

0.8 

87 0.51  ± 

0.6 

42 0.6  ± 0.5 48 0.38  ± 

0.4 

Previous biologic 

use, n (%)  

52 20 (38) 88 43 (49) 47 17 (36) 60 26 (43) 

Lymphopenia, n (%) 53 16 (30) 88 57 (65) 42 22 (52) 60 38 (63) 

Atopy, n (%) 29 17 (59) 87 46 (53) 42 31 (74) 29 16 (55) 

Presence of Sinus 

Disease, n (%) 

54 22 (41) 87 57 (66) 47 10 (21) 60 42 (70) 

FEV1 % Pre 53 63.2  ± 

18.3 

88 65.7  ± 

17.1 

47 62.3  ± 

20.6 

59 71.9  ± 

21.5 

Sputum Eos Pre (% 

of total cell count) 

1 35 ± NA 88 18.5  ± 

19.8 

43 20.9  ± 

21.9 

28 25.3  ± 

25.2 

(b) Among patients who received OCS 

Dose of prednisone 

(mg/daily) 

29 13.3  ± 

9.2 

65 13.1  ± 

8.5 

22 9.8  ± 

10.1 

25 12.68  ± 

7.0 

Duration of 

prednisone (years) 

25 6.4  ± 4.8 65 7.5  ± 6.1 15 7.8  ± 

9.12 

0 NA 

(c) Response to anti-IL-5 Rx across the sites 

Mepolizumab, n (%) 55 55 (100) 88 63 (71) * 47 47 (100) 60 57 (95)* 
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Data is presented as mean ± SD unless otherwise mentioned. Pre = pre-treatment baseline 

values; N.B. Observed sample size indicates the data available for each variable across sites. 

Centre 1 = McGill University Health Centre, Montreal; Centre 2 = Firestone Institute for 

Respiratory Health, Hamilton, ON; Centre 3 = Sacré-Coeur Hospital of Montreal, Montreal; Centre 

4 = Centre de recherche de l'Institut universitaire de cardiologie et de pneumologie de Québec, 

Laval 

*remaining percent of patients were treated with reslizumab 

 

  

Responder, n (%) 30 (55) 43 (49) 32 (68) 38 (63) 
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Table E2: Patient demographics stratified as per response to anti-IL-5 mAb 

treatment (minimum 12 injections) 

Clinical parameters for patients included 

in analysis (n=148) 

Responders 

Total = 85 

Suboptimal responders 

Total = 63 

 

 

 

p-value# 

Observed 

sample 

size 

Statistic 

Observed 

sample 

size 

Statistic 

Male, n (%) 85 48 (56) 63 30 (48) 0.688 

Age (years) 85 57 ± 13.4 63 57 ± 12.4 0.749 

BMI (kg/m2) 81 28.9 ± 6.8 61 29.2 ± 6.2 0.970 

Oral corticosteroids (prednisone), n (%) 85 42 (49) 63 42 (67) 0.036* 

Dose of prednisone (mg/daily) 42 10.8 ± 6.2 42 12.9 ± 10.2 0.071 

Duration of prednisone (years) 26 6.27 ± 5.05 30 8.79 ± 6.9  0.932 

Asthma onset in adulthood, n (%)  62 50 (81) 48 43 (90) 0.198 

Baseline FEV1 % of predicted 83 65.8 ± 18.0 62 65.6 ± 21.0 0.820 

Previous biologic use, n (%)  83 32 (39) 63 32 (51) 0.140 

Lymphopenia, n (%) 81 40 (49) 62 36 (58) 0.302 

Atopy, n (%) 43 24 (56) 33 23 (70) 0.217 

Presence of Sinus Disease, n (%) 85 41 (48) 63 33 (52) 0.618 

Pre Blood Eos (x109/L) 77 0.59 ± 0.62 61 0.57 ± 0.71 0.440 

Sputum Eos Pre (% of total cell count) 51 23.1 ± 22.4 31 23.1 ± 19.6 0.701 

Baseline exacerbation frequency (median, 

range) 
83 2 (0, 12) 61 2 (0,8) 

0.066 

Two-sided t-test p-value for continuous variables, chi-square test for dichotomous variables. *indicates 

significant difference. Data is presented as mean ± SD unless otherwise mentioned. Pre = pre-treatment 

baseline values; Eos – eosinophils. N.B. Observed sample size indicates the data available for each variable 

across sites. Atopy was assessed as positive skin prick test to common aeroallergens, or specific IgE 

positivity in the sera 

N.B. Out of the 250 patients, 55 were recruited from the McGill University Health Centre, 88 from the 

Firestone Institute for Respiratory Health, St. Joseph’s Healthcare (McMaster University), 47 from Sacré-
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Coeur hospital of Montreal, and 60 from Centre de recherche de l'Institut universitaire de cardiologie et de 

pneumologie de Québec (Université Laval), were included in the final analysis.  

 

Table E3: Comparative demographics for clinical (n=250) and experimental cohort (n=39) 

Clinical parameters  

Clinical Cohort Molecular 

Investigation Cohort 

P value 

n=250 n=39 

Male, n (%) 131 (52) 27 (66) 0.09 

Age (years) 55.7±13 54.6±14 0.63 

BMI (kg/m2) 29.14±6 30.3±5 0.27 

Dose of prednisone (mg/daily) $ 10 (7.5, 15) 10 (5,15) 0.14 

Duration of prednisone (years) $ 5 (3, 36) 5 (3,10) 0.95 

Asthma onset in adulthood, n (%)^  170 (84) 29 (66) 0.14 

Inhaled corticosteroid (mcg/daily) 

(range) $ 

1500 (1000,2000) 1250 (1000, 2000) 0.12 

FEV1 % of predicted 66.2±19 65.8±16 0.91 

Previous biologic use, n (%)     

Lymphopenia, n (%)^ 133 (54) 22 (56) 0.84 

Atopy, n (%) 110 (44) 14 (36) 0.27 

Presence of Sinus Disease, n (%) 127 (51) 20 (51) 0.17 

Blood Eos (x109/L) $ 0.4 (0.2, 0.7) 0.4 (0.2, 0.6) 0.23 

Sputum Eos (% of total cell count) 

$ 

13.5 (3, 29) 14 (5, 30.5) 0.89 

# Two-sided t-test p-value for continuous variables, chi-square test for dichotomous variables. *indicates 

significant difference. Data is presented as mean ± SD unless otherwise indicated. $ Data is presented as 

median and IQR – interquartile range (25%, 75%); Pre = pre-treatment baseline values; Eos – eosinophils. 

Atopy was assessed as positive skin prick test to common aeroallergens, or specific IgE positivity in the 

sera. Inhaled corticosteroid dose is presented as fluticasone propionate equivalent. ^ percentages are 

calculated based on the observed sample size: adult onset of asthma, n=202; lymphopenia, n=243 
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Table E4. Distribution of clinical variables determining non-response to biologics (minimum 12 

injections) 

Clinical variables  

Sub-optimal response 

to anti-IL-5 mAb 

 

Total = 63 (42.6%)$ 

Sub-optimal response 

in ICS-dependent 

patients 

 

Total = 21 (14.2%)$ 

Sub-optimal response 

in OCS-dependent 

patients 

 

Total=42 (28.4%)$ 

 

Observed 

sample 

size 

Statistic 

 

 

Observed 

sample 

size 

Statistic Observed 

sample 

size 

Statistic 

Median length of treatment, months (range) 63 
20 (12-

58) 

21 20 (12-

55) 

42 20 (12-58) 

Worsening on treatment, n (%) 148 19 (12.8) 21 3 (2.0) 42 16 (10.8) 

Stratifying contributing factors for ‘sub-optimal’ response: clinical criteria 

Failure to reduce OCS by 50%, n (%) 42  26 (61.9) - - (-) 42 26 (61.9) 

OCS dose reduction = 0%, n (%) 42 16 (38.1) - - (-) 42 16 (38.1) 

Failure to reduce ACQ below 1.5, n (%)  37 30 (81.1) 9 8 (88.9) 28 22 (78.6) 

Failure to reduce exacerbations by 50%, n 

(%) 
62 28 (45.2) 

20 6 (30.0) 42 22 (52.4) 

Failure to reduce exacerbations =0%, or any 

increase, n (%)  

62 24 (38.7) 20 4 (20.0) 42 20 (47.6) 

Increase in exacerbations, n (%) 62 16 (25.8) 20 3 (15.0) 42 13 (31.0) 

Stratifying contributing factors based on biological criteria (sub-optimal response) 

Sputum eos ≥ 3%, n (%) 31 26 (83.9) 7 6 (85.7) 24 20 (83.3)  

Blood eos ≥ 0.4, n (%) 56 3 (5.3) 17 1 (5.9) 39 2 (5.10) 

Criteria for worsening in addition to sub-optimal response  

Increase in ACQ ≥ 0.5, n (%) 19 10 (52.6) 3 2 (66.7) 16 8 (50.0) 

Increase in MCS, n (%) 19 6 (31.6) 3 1 (33.3) 16 5 (31.2) 
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Reduction in FEV1≥25%, n (%) 19 5 (26.3) 3 0 (0) 16 5 (31.2) 

Median length of treatment,  

months (range) 

19 18 (12-

30) 

3 20 (14-

22) 

16  17.5 (12-

30) 

 

 

Table E5 Regression analysis of all molecular variables assessed in n=39 patients treated with 

anti-IL-5 

Univariate analyses 

Variables  Estimate Std. Error z value Pr(>|z|) 

Anti-EPX -1.9449 0.7761 -2.506 0.0122 

Anti-MARCO -0.2256 0.5286 -0.427 0.67 

C1q.Ig -0.11826 0.07016 -1.686 0.0919 

C3c 0.0124 0.01068 1.162 0.2454 

EPX -0.03383 0.11259 -0.3 0.764 

IL.4 -0.3315 0.5157 -0.643 0.52 

IL.5 -0.3591 0.2705 -1.328 0.184 

IL.9 0.9578 1.6025 0.598 0.55 

IL.13 -1.323629 0.956755 -1.383 0.167 

GMCSF -6.3338 2.8932 -2.189 0.0286 

IL.33 -0.01462 0.45838 -0.032 0.975 

TSLP -2.752 4.494 -0.612 0.54 

TARC -0.005965 0.025608 -0.233 0.8158 

Multivariate analysis with variables showing P<0.05 above (n=39) 

Variables  Estimate Std. Error z value Pr(>|z|) 

(Intercept) 2.0428 0.9793 2.086 0.037 

GMCSF -6.0404 3.2239 -1.874 0.061 

Anti-EPX -1.7328 0.7751 -2.236 0.0254 

Multivariate analysis with all variables with P<0.05 as per individual univariate analysis of 

independent variables. 
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Figure E1: Steps for visualisation immunostained sputum plug biopsy sections and preparing it 

for HaloTM analysis: The steps for visualisation and developing the cellular probe algorithm is 

given stepwise: (a) the entire slide on which the sputum is found is scanned at 2X as a quick 

overview. This is done to determine where exactly to scan at high mag so as to not waste time 

scanning empty space and prevent photo bleaching as a result of over-exposure to fluorescent 

light. 3 randomly sized areas of sputum, approx. 4-15mm2, are scanned at 40X for DAPI, FITC and 

TRITC, at exposure times of 100ms, 300ms and 400ms, respectively. (b)  Once the sample areas 

are scanned, there are loaded onto HaloTM for analysis using the cellular detection algorithm. (c)  

Some areas, however, are over-populated with cells such that discerning the number of cells 
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proves too difficult for both the naked eye as well as HALO™. (d) Thus, in order to preserve data-

integrity, these areas, marked by yellow arrows, are excluded from analysis.  

 

 

Figure E2: Validating multi-probe algorithm for cellular detection of co-localised immune 

targets on sputum plug biopsy slides: Establishing accurate cell detection using (a) DAPI (b) 

immune-targets in the FITC (green) channel, (c) immune target in the TRITC (red) channel. First, 

the cellular detection is set based on the DAPI for accuracy (see examples of under-detection, 
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over-detection and accurate detection for the same section). Thereafter FITC is set up based on 

the DAPI-algorithm of cellular detection. Once the detection settings are complete, any FITC+ 

cells will turn green. The same process is repeated with TRITC channel (c). With the HALOTM 

algorithm properly fine-tuned to detect all three stains individually, they are combined into a 

multi-probe algorithm to detect any co-localisation (d). When both TRITC and FITC are detected, 

the cell turns yellow to indicate co-localisation. The number of such dual stain positive cells are 

counted by the software, and expressed as a percentage of the total number of DAPI+ cells 

screened. 

 

  



Clinical response to anti-IL-5 monoclonal antibodies 
 

Mukherjee et al., 2020 
 

17 

Figure E3: Validation of FFPE sputum plug biopsy for assessing immune complex activation: This 

is the first report of using formalin fixed paraffin embedded sputum plug sections for assessing 

immune complex deposition in the airways via immunostaining methods and subsequent 

quantification. The hematoxylin and eosin (H&E) staining shows numerous eosinophils and free 

eosinophil granules (blue arrows) which corroborates the sputum differential of 31.8% 

eosinophils and many (semi quantitative rank) free granules. The serial sections of the FFPE 

sputum plug unfortunately does not maintain the exact cellular position since it lacks the 

architecture of a tissue. However, it is apparent that similar areas on these ‘serial’ sections 
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identified manually and quantified by the HaloTM shows comparable high dual positive cell counts 

for the two independent staining of C1-q-IgG and IL-5 IgG.  The fluid phase analysis of the sputum 

records increased C1q-IgG and C3c levels (measured by ELISA) indicative of immune-complex 

mediated complement activation. This further corroborates the significant strong correlation 

between the two staining patterns reported in the main manuscript (r=0.8, P<0.0001). 

 

 

Figure E4: Immune complex deposition post Mepolizumab treatment: Matched samples 

obtained from a representative patient, shows detectable C1-q-IgG dual positive cells increased 

after 8 injections of Mepolizumab. The sample is obtained from patient who was assessed to 

have sub-optimal response to mepolizumab (but not worsening) and baseline evidence of local 

autoimmune responses. 
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Figure E5: Effect of reslizumab on immune complex mediated inflammation: Matched samples 

obtained from representative patient, pre- and post Reslizumab treatment shows undetectable 

C1-q-despite inadequate clinical response. In accordance, the fluid phase analysis of C1-q-IgG 

and C3c in the same sputa samples (ELISA) showed unremarkable values, indicating that the 

non-response to the drug was not through a mechanism of complement activation.  


