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Abstract

Background: Specific allergy sensitization pattern, using “component-resolved diagnosis” (CRD),
is a central component of allergy and asthma in childhood. Besides this, allergic asthma has been
characterized by a Th2-shifted endotype with elevation of classical Th2 cytokines. Recently, other
endotypes with distinct mechanisms focusing on cytokine regulation evolved, yet those pathways

are still not well understood.

Objective: (1) To define reproducible immunological endotypes using cytokine expression in an

asthma cohort and (2) to characterize their sensitization profile and clinical phenotype.

Methods: Supernatants from PBMCs of 234 children (median age 10 years) of an asthma cohort
were analysed for cytokine expressions. The children were split into a training (n=49) and
validation (n=185) group. The training group was used to identify immunological endotypes by
clustering cytokine expressions, which were then assessed regarding clinical characteristics and
specific IgE of recombinant allergen components. Next, our findings were validated in the

validation group.

Results: We identified novel endotypes based on primarily unstimulated cytokine expression.
One endotype showed an IFN-y/IL-17/IL-5 predominance, a different sensitization pattern (high in
birch/apple; p<0.01), and inferior lung function (p<0.01). A second endotype grouped young
children with food allergy and reduced lung function. Our findings were reproducible in the

validation group.

Conclusion and clinical relevance: We identified two novel clinical asthma endotypes via
cytokine expression pattern with distinct sensitization patterns. These novel findings are critical
for clinical guidance and open avenues for identifying underlying mechanisms and more patient-

specific therapies.
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IFN
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Introduction

Despite rising prevalence of allergies, novel approaches for patient-specific endotyping and
therapy are still developing slowly but are important to provide optimal therapy to distinct patient
groups. Specific allergy sensitization pattern and cytokine regulation are two central components
of allergy development in childhood. Due to the recent rise of “component-resolved diagnosis”
(CRD), allergy sensitization patterns can be described in greater detail as compared to
sensitization tests based on natural extracts of allergen sources. CRD is based on major and
minor allergen recombinants. Major allergens, which are usually responsible for clinical
symptoms, are main component of allergen-specific immunotherapy (AIT). AIT is the only
disease-modifying treatment for allergic conditions, which cannot only improve symptoms but also

has a preventive effect on the development of asthma.[1,2]

There has been a lot of research in the CRD area with focus on distinguishing true sensitization
versus cross reactivity, predictors for a successful immunotherapy in patients with allergic
rhinoconjunctivitis (AR) and asthma as well as prevalence of sensitization patterns and changes
during growing up, identifying a phenomenon termed “molecular spreading”.[3-8] Beside allergic
sensitization, allergic asthma has been characterized by a Th2-shifted endotype with elevation of
classical Th2 cytokines (IL-4, IL-5, IL-13).[9-11] New asthma therapies target IgE or Th2-cell-
associated cytokines for example biologicals as Omalizumab, Mepolizumab or Dupilumab (all
approved for children).[12] However, there are far more endotypes with different clinical
presentations (phenotypes).[11,13] The distinct mechanistic pathways are not quite understood
yet, cytokines, as immunomodulatory proteins, play an important role.[12,14-16] Cluster analyses
using cytokines in sputum to identify possible asthma or chronic rhinosinusitits endotypes in
adults were reported.[17-19] In children, cluster analysis based on plasma cytokines was used to
explore complex relationships among cytokines and allergic disease such as asthma and atopic
dermatitis.[20]

Asthma endotypes based on cytokine clustering in children have not been reported so far.
However, more comprehensive analyses of distinct regulation of cytokines may unravel novel

endotypes of childhood asthma and allergies.

In this study, we aimed to answer two main questions: Can we identify reproducible
immunoregulatory endotypes based on cytokine expression in a childhood asthma cohort? Do
those endotypes differ in their sensitization profile and can we assign them to clinical

phenotypes? This study was based on the hypothesis that not a single pathway defines
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endotypes of a complex disease like asthma. Moreover, we believe that the balance of pathways

and their counter regulation are more valuable for identifying reproducible endotypes.

Therefore, we combined machine learning strategies: unsupervised learning with feature
selection and cluster validation on a distinct set of children. This novel approach distinguishes our

study from most other studies using machine learning techniques for endotyping.
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Methods
Study population

From our CLARA/CLAUS cross-sectional asthma study, we selected 234 children (median age
10.0 years) with or without asthma based on availability of cytokine expression data.[21,22]
These 234 children were split into a training (n=49) and a validation (n=185) group. The training
group comprises all children with available recombinant IgE measurements (Fig.1). Detailed
population characteristics with focus on asthma, AR, and related symptoms in the past 12 months
were available from questionnaires and clinical visits (Tab.1). Briefly, the CLARA/CLAUS cohort
comprises steroid-naive, newly-diagnosed mild-to-moderate asthmatics and healthy controls
(without any clinical allergic symptoms).[21,22] Informed oral and written consent was obtained
from the parents for participation and blood collection. Approval was obtained from the local
ethics board, LMU Munich, Germany (Nr. 379-08; 4th of August 2008). This study does conform

to the Declaration of Helsinki.

Lung function

Pulmonary function tests were performed using Master Screen PFT and MasterScreen Body
(Jaeger, Germany) equipped with the software Lab Manager V5 32.0 (CareFusion, Germany).
From each body plethysmography at least 3 measurements were taken to assure reproducibility.

All tests were performed prior bronchodilatator application.

Serum specific IgE assays

SIgE (major recombinant and natural extract) for the following allergen sources was measured by
EUROLINE (Euroimmun AG, Lubeck) according to the manufacturer instructions: birch, grass
(containing timothy), house dust mites (HDM; D.pteronyssinus, D.farinae) and furry animals (dog,
cat). SIgE against these major allergen components were measured: Betv1, Phip1, Phip5Derp1,
Derp2, Derf1, Derf2, Canf1, Feld1, and Mald1. We defined positive sensitization using a more
specific cut off: slge=0.7 kU/I.

Cytokine measurement

PBMCs were isolated within 24 hours after blood draw, cultured in X-Vivo (48 hours; Lonza,
Basel, Switzerland) unstimulated or stimulated with plate-bound anti-CD3 (3ug/ml) plus soluble
anti-CD28 (1ug/ml), lipid A (LpA; 0.1ug/ml), or peptidoglycan (Ppg; 1mg/ml) at 37°C. Cytokine
levels were determined in supernatants of PBMCs with the Human Cytokine-Multiplex-Assay-Kit
(Bio-Rad) by using Luminex (Austin, Texas) as previously described.[21] Cytokine expressions of
49 children and 32 cytokine features were available. Cytokine features relates to a child’s 32

measured cytokine expressions. Those were composed by 8 cytokines (Th1-regulation: IFN-y;
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Th2- and Treg-regulation: IL-4, IL-5, IL-13, IL-10; Th17-regulation: IL-17; pro-inflammatory
markers: IL-10, IL-13, IL-17, IL-1B, TNF-a) and 4 stimulation conditions (unstimulated, stimulated
with anti-CD3/CD28, LpA, Ppg) (8x4=32 features). Cytokine selection was based on prior
literature and their potential relevance in asthma pathogenesis.[21] We used LpA and Ppg in
order to include two stimuli of the innate immune system targeting TLR4- or TLR2-stimulation,

respectively.

Cytokine clustering

We applied unsupervised learning (k-means clustering) to detect underlying immunoregulatory
endotypes using cytokine expression data only. Data preprocessing consisted of data imputation,
data transformation, and feature selection.[23,24] During data pre-processing 5 (out of 32)
cytokine features were excluded from the cluster analysis, based on a high proportion (>10%) of
missing values due to non-detects: IL-13 (unstimulated, LpA-stimulated, Ppg-stimulated) and TNF
a (LpA-/Ppg-stimulated). The number of clusters was chosen by evaluating four common
measures: the elbow-method, the average silhouette method, the gap-statistic, and the
bootstrapped prediction strength.[25-27] It was fixed after visually assessing cluster partitions. We
provided a detailed cluster description showing the importance of cytokine features for clustering

(p-value; Mann-Whitney test). More details were provided in the supplement.

Cluster validation

Our validation approach was two-staged. First, we looked at the same children (training group)
but used different measurements (clinical data and specific IgE values). For each allergen, the
sensitization prevalence of clusters were compared using a chi-squared test. Across all allergens,
clusters were compared using a permutation test based on distances of the children’s

sensitizations pattern.

Second, the clustering was validated by looking at different children (validation group) but the
same measurement (cytokine expressions). l.e. we applied the established workflow to the
validation group. Next, the cytokine profiles of the new fitted clusters in the validation group were
compared to the cytokine expression profiles of the clusters from the training group. The ability to

generalize was measured using prediction strength.[27]

Analysis software
Data analyses were performed using R, graphical outputs were generated using the

gglot2-package.[28,29]
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Results

Description of study population

Prior to answering our main objective, we described our study population stratified in training and
validation group (tab.1). Our training group was smaller than the validation group (n=49 vs n=185)
and had higher proportions of allergic diseases like asthma, RK, and food allergy. This was
reflected in differences between eosinophils and total IgE. The reason for these differences is
caused by the group assignment. The training group comprised only children with serum specific
IgE measurements. Those were measured in children if serum was available and allergies
known. Overall, our data comprises children with a median age of 10 years. Of note, we found
high correlations between sIgE against major recombinant allergens and their corresponding

natural extract for all allergen sources from table 1 (data not shown).

Immunoregulatory endotypes
As main aim, we clustered cytokine expressions, validated resulting endotypes, and examined

their correlation with allergy sensitization patterns and clinical characteristics.

Prior to clustering cytokine expressions, we used sparse clustering to select cytokine features
with a high clustering potential. Those were predominantly unstimulated or Ppg-stimulated
cytokines (bar-height in Fig.S1A). Thus, these two stimuli were linked to more distinct cluster
partitions. We confirmed this observation by clustering within each stimulus (Fig.S1B). Here we
found less overlap for unstimulated and Ppg-stimulated cytokines as compared to LpA- or
CD3/CD28-stimulated cytokines.

Using the selected features and comparing the cluster partitions for two and three clusters, we
decided to further analyse the three-cluster solution as the other was obtained by combining two
clusters (Fig.2A). Hence, we detected three clusters with 10 (red), 19 (blue), and 20 (green)
children, respectively. The red cluster was clearly separated from the other two, which

overlapped.

When comparing the cluster’s cytokine expressions, we identified the following: First, there were
no significant differences in anti-CD3/CD28-stimulated cytokine expressions (Fig.S2). Of note,
level of cytokine secretion was roughly 10-fold higher following anti-CD3/28-stimulation for all
cytokines apart from IL-4. Second, the red cluster was always highest across all cytokine-stimulus
combinations. We found the strongest differences (asterisks in Fig.3) when comparing red to blue
(unstimulated: IFN-y, 1L-17, TNF-a; Ppg-stimulated: IFN-y, IL-17, IL-4; LpA-stimulated IFN-y,
IL-17) and to green (unstimulated: IL-5 and Ppg-stimulated: IL-5). Third, blue and green cluster
were significantly different for IFN-y (unstimulated, Ppg-stimulated, LpA-stimulated) and IL-5
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(unstimulated). Fig.3 was obtained by reducing Fig.S2 to stimuli and features with strong
differences. Of note, we found no differences in cytokine expressions when comparing samples

taken during or out of allergic seasons (data not shown).

Validation I: Inmunoregulatory endotypes showed differences in sensitization profiles and
clinical characteristics

On the level of sensitizations against major allergen recombinants, we identified differences
across the clusters (Fig.4). The red cluster (red) had a higher sensitization rate against Mald1 and
Betv1 and lowest sensitization for all other allergen components. Blue was highest for HDM, and
timothy, whereas green showed high sensitization against animals and lower sensitization for
Derf2/p2, and Phlp5. On allergen level, we observed significant differences for Derf2 and Feld1
(Fig.4). Overall, the red cluster had a significant dissimilar sensitization pattern compared to the
other clusters (permutation test on distances, p=0.01). Results were similar using a less sensitive
sensitization cut-off of 0.35 kU/I (Fig.S3).

For patient’s characteristics, we presented differences across endotypes (Tab.2). The share of
patients with AR was lowest in the red cluster (30%, red vs blue p=0.01). The blue cluster had
most AR (84%), followed by green (65%). The blue cluster had most perennial symptoms of an
AR (32%). The green cluster showed a higher level of patients with food allergy (55%) as
compared to red (40%) and blue (21%), yet not significant. The green cluster comprises younger

children aged 7.2 years with lowest height and weight (all p<0.05).

The red cluster had a lower lung function compared to other clusters. However, this is only
significant for FEV1 when compared to blue. The number of leukocytes (8.9 G/I) was highest in
the green cluster (p<0.01). IgE levels were highest for green (446.5 IU/ml), followed by red
(378.5 IU/ml) and blue (282.0 IU/ml). The prevalence of polysensitization (=3) was highest in the
blue (74%) and different to the green cluster (p<0.01). Clusters did not differ in amounts of

eosinophil and neutrophil cells.

Validation Il: Same immunoregulatory endotypes in the validation group

When validating the clustering results on 185 distinct children, the red cluster showed a high
prediction strength (91.3%). l.e. nearly all children of the new fitted red cluster were predicted to
be in the same cluster. The others had a lower prediction strength (green: 49.3%, blue: 51.4%)
(Fig.2B). The new fitted clusters had a very similar shape compared to the predicted clusters and
again the red cluster was more distinct whereas blue and green cluster had a greater overlap

(grey polygons in Fig.2B).
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Additionally, the new fitted red cluster showed a very similar cytokine expression pattern (Fig.5)
as compared to the initial clustering on the training group (Fig.3). l.e. the new fitted red cluster
had a high cytokine expression across cytokines and stimulation protocols. Mostly, the new fitted
blue and green cluster showed the same trends as in the training group (Fig.3). These trends
tended to get more precise as the sample size increased. All cytokine features of the validation

group were shown in the supplement (Fig.S4).
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Discussion

In this study, we identified and validated a novel endotyping based on cytokine patterns in a
steroid-naive newly-diagnosed paediatric asthma cohort. These endotypes had different
sensitization profiles and clinical characteristics. One endotype was most prominent with a
reduced lung function and increased cytokine activation. Thus, a closer clinical supervision to this
group in particular is necessary and may help to prevent exacerbations. These new findings open
avenues for identifying critical underlying mechanisms for distinct groups of children and therefore

help for more patient-specific therapies (e.g. anti-cytokine treatment).

Identification of novel endotypes
In this study, we presented a novel endotyping based on cytokine profiles of 49 children in an
asthma cohort.[21,22]

Several groups reported cluster analyses using cytokines measured in sputum to identify possible
asthma endotypes in adults.[17,18] Similar to our results, a previous study showed that classical
Th2 cytokines (IL-4, IL-13) did not cluster, which underlines the inflammatory heterogeneity in
asthma among different asthma patients.[17] Besides asthma, cytokine clustering was used to

identify inflammatory endotypes of adult patients with chronic rhinosinusitis.[19]

Distinct to the adult studies, we identified new clusters based on cytokine-profiles in children with
newly-diagnosed asthma, which is specific in our findings. Understanding cytokine profiling in
children gives an insight into mechanism of disease development and possible options for
therapeutic interventions in an early stage of disease. On a statistical level, reduction of random
noise by feature selection and use of a validation group are distinguishing features of this
study.[17-19]

Of note, our major findings were identified in unstimulated and Ppg-stimulated cells. Ppg is
predominantly recognized by TLR2 and LpA by TLR4, which both activate the innate immune
system.[30] Anti-CD3/CD28 stimulation activates the adaptive immune system by strongly
stimulating T-cells[31], resulting in high T-cell-related cytokine secretion as observed in our study.
This potent stimulation may override potential differences as identified in unstimulated cells and
can explain missing differences in this condition. Confirmed in the larger group of children, this is
critical for future application of clustering as this potent T-cell activation may be too strong for
identifying differences in immune regulation. Furthermore, we examined both innate and
adaptive-related cytokines. Differences in unstimulated and Ppg-stimulated cells were primarily
associated with TNF-a as pro-inflammatory cytokine and Th1/Th2- and Th17-focused cytokines
such as INF-y, IL-17, and IL-5.
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Heterogeneity in cytokine expression elucidate that a combination of differential T-cell regulation
and not a single T-cell subset seems important for identifying these novel clusters and might
represent various inflammatory subtypes of asthma. This also goes in line with our previous
studies, which supported the critical role of regulatory T-cells in the immune-regulatory
mechanisms of childhood asthma and using immunological data, genetic and environmental

factors to classify childhood asthma endotypes.[21,32]

Clinical interpretation of novel endotypes

Analyzing the identified cytokine clusters in association with recombinant allergens, these clusters
allowed to dissect three groups of children. Children in the red cluster, characterized by a higher
apple (Mald1) and birch (Betv1) sensitization rate, were those with highest cytokine expression
(INF-y, IL-17, IL-5, TNF-a) and lowest leucocytes without any differences in eosinophils or
neutrophils. A ubiquitous activation of several T-cell subsets, indicating an active diseases
process, may be relevant for clinical practice. In line with this, an almost doubled level of IL-4 and
TGF-B in patients sensitized to Betv1 compared with patients sensitized to D.pteronyssinus was
found.[33] Including clinical characteristics, the red cluster showed the lowest rhinoconjunctivitis
rate. Lung function (z-scores of FEV1and FEV1/FVC) values were significantly lower as
compared to the other two groups. In line with our data, asthmatics with high IL-5, IL-17A and IL-
25 had significantly worse lung function parameters.[34] This group may be of special clinical
relevance in order to control inflammation in parallel to reduced lung function previously not
reported specifically. Yet, our data do not point to one target of treatment. Specifically, IL-17 is
part of regulation, but not a central target. Confirming this, several studies in adult asthma have
actually failed to be effective using anti-IL-17 antibodies.[35] However, we believe that a more in
depth understanding of a child’s immunoregulatory endotype may help selecting a more

patient-specific therapy.

The second identified group (blue) included children with lowest level for IFN-y, a Th1/Th17
cytokine, and the highest rates of AR and perennial symptoms. In parallel, they showed higher
sensitization against HDM (Derf2, p<0.05) and cat (p<0.05). This mimics perennial sensitization
possibly associated with reduction of Th1/Th17-regulation, potentially favoring a pro-allergic
endotype, as previously suggested.[36] Consistent with our findings, a defective IFN-y production
by PBMC in a small group of HDM-allergic adults was detected, when stimulated with allergen
(D.pteronyssinus) and with an ubiquitous antigen.[37] A causal relation cannot be deducted by
our data. Asthmatic children with perennial sensitization may have a reduced capacity of Th1 not
able to counter regulate AR with lung function at normal levels. Yet, we propose it is important to

study this group of children in a longitudinal design in order to identify this endotype prior to
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symptomatic pattern and possibly evaluate options to treat them specifically with AIT during early

phases of symptoms.

In the green cluster, children with intermediate cytokine patterns were clinically characterized by
young age, more food allergy, and AR. This is in concordance with higher rates of food allergy in
young children, also related to higher IgE levels. Of note, the immune pattern does not suggest
an overall maturational difference between groups. Similar to the cytokine pattern, the
sensitization pattern is intermediate except for highest sensitization to animals. Finally, these
children seem to represent young asthmatics with food allergy predominance and reduced FEV1,

also indicating the need for a closer clinical supervision for asthma control.

Validation of endotypes

We acknowledge the low number of patients in the cluster analysis (n=49). However, as we were
able to replicate our findings in a larger validation group (n=185), we are convinced that our
findings are robust and not subject to random noise (Fig.2B). Having a smaller training than
validation group is unusual in machine learning. Since we did not rely on supervised learning
algorithms but used an unsupervised clustering approach, we are convinced that this group
distribution strengthens our results. Moreover, we believe that the underlying immunological

mechanism is strong enough to be detected even in a smaller training group.

We were able to replicate our findings in a validation group from the same cohort. Especially the
red cluster showed a high reproducibility expressed in a high prediction strength (91.3%). As
already indicated by the cluster merging and overlap and overlap (Fig.2A-B), the blue and green
clusters are more difficult to disentangle. However, their representative cytokine patterns were

reproducible as well (Fig.5).

Our validation group had a different mixture of clinical phenotypes, however the number of
asthmatic children exceeded the number of asthmatics in our training group (48 vs 76). The
different phenotype mixture in our validation cohort in combination with replication of findings, we
interpret as strength of this study. This might indicate that the immunological endotypes are not
exclusive for the disease of asthma and might be important in other diseases as well. Our
endotypes showed different sensitization patterns and clinical characteristics. Therefore, we
believe that these immunological endotypes might be beneficial for a more patient specific clinical

guidance.

Strengths and limitations
Of note, some facets of this study are important to be addressed for future approaches. While our

analyses were based on limited number of cases in some subgroups, we could characterize them
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in depth regarding sensitization and cytokine regulation. Yet, the study design did not allow nasal
provocation test to evaluate specific allergies nor did we report treatment for AR in sufficient
depth and related symptoms could not be causally related as this question was not included. Due
to ethical reasons, it is not possible to perform bronchoalveolar lavages or lung biopsies for
children regularly to measure cytokine expressions locally. Furthermore, there were no
longitudinal data available to check consistency of these immunological endotypes over time. Yet,
we believe this study is important as it identified novel clusters of immune regulation confirmed in
a larger group of children in parallel with sensitization pattern and clinical asthma severity. For
future treatment strategies, it is critical that unstimulated cytokine regulation not requiring detailed
laboratory set-ups is able to differentiate these endotypes. If future additional studies can
overcome the challenges of sample size and provocation tests, implementation into clinical

practice may be truly relevant for asthma treatment.

Conclusion

This study represented a novel endotyping approach based on cytokine profiles and validated
them on sensitization pattern, clinical characteristics, and in a group of distinct children. This
study identified in particular two novel groups of children, namely those with a higher sensitization
to Betv1 and Mald1 in parallel with systemic inflammation and reduced lung function and the
group of young children with food allergy in parallel to reduced lung function both requiring a
closer clinical follow-up and specific therapy as previously performed. This novel asthma
endotyping thus offers new avenues not only for research purposes but most important for clinical

guidance of this important paediatric population of manifest asthmatics.
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Tab.1: Patients characteristics of training group used for clustering and validation group.

Training group (n=49) Validation group (n=185) p-value
Asthma 48 (98.0%) 76 (41.1%) <0.01
Rhinoconjunctivitis 32 (66.7%) 26 (14.4%) <0.01
Food allergy 19 (38.8%) 22 (12.2%) <0.01
Sex female 20 (40.8%) 81 (43.8%) 0.83
Age [years] 9.3 [6.6;11.5] 10.2 [6.4;12.1] 0.59
Height [em] 138 [119;151] 140 [120;154] 0.4
Weight [kal 315 [23.2;44.0] 33.5 [23.0;46.2] 0.42
BMI [kg/m?3] 17.1 [15.7;18.3] 17.4 [15.5;19.7] 0.48
Breast feeding 44 (93.6%) 155 (85.6%) 0.22
[months] 6.0 [3.0;8.8] 6.0 [2.0;10.0] 0.56
Siblings younger 20 (40.8%) 81 (46.3%) 0.6
older 19 (38.8%) 78 (44.6%) 0.58
Paternal asthma 6 (12.5%) 21 (11.9%) 1.00
eczema 1 (2.1%) 9 (5.1%) 0.69
hay fever 16 (33.3%) 38 (21.6%) 0.13
Maternal asthma (18.4%) 16 (9.1%) 0.12
eczema (10.2%) 21 (12.0%) 0.92
hay fever 13 (26.5%) 44 (25.3%) 1.00
Smoking (4.2%) 31 (17.3%) 0.04
Pet at any time dog (10.2%) 26 (14.1%) 0.64
cat (14.3%) 36 (19.5%) 0.53
FEV1t [%] 92 [84;101] 94 [85;102] 0.16
[z-score] -0.94 [-1.57;0.01] -0.82 [-1.54;-0.18] 0.74
FVCt [%] 98 [89;109] 98 [91;103] 0.42
[z-score] -0.06 [-0.82;0.98] -0.18 [-0.70;0.28] 0.20
FEV1/FVCt [%] 93 [83;106] 95 [90;100] 0.67
[z-score] -1.25 [-2.39;0.04] -0.99 [-1.86;-0.47] 0.81
Leucocytes [G/M 8.1 [6.2;9.3] 7.3 [6.2;8.8] 0.22
Neutrophils [% leucocytes] 46.9 [41.1;52.0] 47.0 [41.5;56.8] 0.33
[Gnm 3.5 [2.9;4.5] 34 [2.6;4.6] 0.64
Eosinophils [% leucocytes] 8.0 [5.0;11.0] 3.0 [2.0;7.0] <0.01
[Gnm 0.6 [0.4;0.8] 0.2 [0.1;0.5] <0.01
IgE [IU/mI] 338 [181;765] 86 [29;259] <0.01
Apple Mal d1# 7 (14.3) - - -
Birch Bet v1# 23 (46.9%) - - -
Timothy Phl p1# 20 (40.8%) - - -
Timothy Phl p5* 15 (30.6%) - - =
E;prt::oinyssmus 16 (32.7%) - - -
D.pteronyssinus . (42.9%) - - -
Der p2*
D.farinae Der f1* 21 (42.9%) - - -
D.farinae Der f2* 24 (49.0%) = = @
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Dog Can f1* 3 (6.1%) - -
Cat Fel d1# 27 (55.1%) - -

Categorical variables were shown as absolute values with percentages in brackets.

Numerical values were summarized by their median and interquartile range [Q0.25; Q0.75].

P-values originated from a Chi-squared test (categorical variable) or a Mann-Whitney test (continuous variables).
T lung function is shown solely for asthma patients

I specific IgE = 0.7 kU/I, only available for the training group
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Tab.2: Clinical and population characteristics of the training group stratified by cluster.

Training group (n=49) Red (10) Blue (19) Green (20) Differences’
Rhinoconjunctivitis 30% 84% 65% Red vs Blue$
Asthma 90% 100% 100% -
Food Allergy 40% 21% 55% -
Time of symptoms early 10% 5% 15%
both 10% 32% 35%
late 0% 11% 5%
always 10% 32% 5% )
never 70% 21% 20%
missing 0% 0% 20%
Sex female 50% 37% 40% -
Age [years] 10.5 [7.6;12.5] 11.4 [7.0;12.5] 7.2 [5.5;9.8] Red/Blue vs Green*
Height [cm] 144 [127;161] 149 [124;156] 127 [114;140] Red/Blue vs Green*
Weight [kg] 36.5[27.1;44.6] 41.3 [24.6;45.4] 26.1 [20.4;31.6] Blue vs Green*
BMI [kg/m?] 17.1[16.2;18.2] 17.3[16.1;18.4] 16.1[15.4;17.9] -
Breast feeding 80% 100% 85% -
[months] 6 [5;7] 6 [4;9] 5[1;9] -
Siblings younger 40% 37% 45% -
older 40% 32% 45% -
Paternal asthma 20% 5% 15% -
eczema 0% 5% 0% -
hay fever 40% 32% 30% -
Maternal asthma 30% 21% 10% -
eczema 10% 5% 15% -
hay fever 30% 32% 20% -
Smoking 10% 5% 15% -
Pet at any time dog 10% 11% 10% -
cat 0% 21% 15% -
FEV1 [%] 79 [78;93] 97 [89;106] 89 [82;102] Red vs Blue*
[z-score] -1.9 [-2.1;-1.3] -0.3 [-1.0;0.3] -1.2 [-1.7;-0.3] Red/Green vs Blue*
FvC [%] 93 [87;112] 103 [96;111] 95 [88;105] -
[z-score] -0.2 [-1.3;0.9] 0.5[-0.4;1.1] -0.3[-0.9;0.6] -
FEV1/FVC [%] 86 [83;108] 93 [88;106] 97 [85;106] -
[z-score] -2.0 [-2.6;0.7] -1.1[-2.2;0.1] -1.1[-2.2;-0.2] -
Leukocytes [GN 6.3 [5.9;8.2] 7.6 [6.2;8.5] 8.9 [8.2;9.7] Red/Blue vs Green#*
Neutrophils [% leucocytes] 46.0 [45.0;50.7] 48.0 [41.1;51.5] 46.5 [40.5;52.3] -
[G/N 2.8[2.7;3.9] 3.3[2.9;4.0] 4.2[3.3;4.7]
Eosinophils [% leucocytes] 8.0[3.0-11.8] 8.0 [5.0-11.0] 7.0[6.0-9.0 -
[G/N 0.6 [0.2;0.8] 0.6 [0.4;0.8] 0.76 [0.4;0.8]
IgE [1U/mI] 379 [193;745] 282 [188;546] 447 [178;920] -
Sensitizations 0 20% 5% 5%
natural extract 1 40% 21% 25%
Blue vs Green$
2 10% 0% 40%
23 30% 74% 30%
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Categorical variables were shown as percentages.

Numerical values were summarized by their median and interquartile range [Q0.25; Q0.75].

P-values originated from a Chi-squared test (categorical variable) or a Mann-Whitney test (continuous variables).
T p-value<0.05 F Pearson's Chi-squared test § Mann-Whitney test
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Fig.1: Flowchart of study population with train-validation split.

Fig.2: A Cluster partitions for both values of k on the first two principal components (explained
variation as percentage). For k =3 the clusters were colored with centroids (grey triangles)
and the cluster-combining was indicated by a black polygon around blue and green clusters. B
Cluster validation on validation group (n=185); point color and polygon indicating the new

fitted cluster; background color representing the predicted cluster.

Fig.3: Study group (n=49): Differences across clusters (x-axis) for cytokine features (vertical
panels) and stimulus (horizontal panels) on expression level (y-axis). The adjusted p-value
measured a feature’s effect on clustering; i.e. the lower the p-value the more impact on

partitioning the endotypes.

Fig.4: Sensitization rate (y-axis) for each cluster (x-axis) facetted by major allergen component.
Significant pairwise Chi-squared tests on component level were indicated with horizontal bars.
Overall, the sensitization pattern of the red cluster differed significantly from the others

(permutation test: p=0.01). Sensitization was defined as specific IgE = 0.7 kUI/I.

Fig.5: Validation group (n=185): Differences across clusters (x-axis) for cytokine features (vertical
panels) and stimulus (horizontal panels) on expression level (y-axis). The adjusted p-value
measured a feature’s effect on clustering; i.e. the lower the p-value the more impact on

partitioning the endotypes.
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Cluster analyses

Our aim was to detect underlying immunoregulatory patterns via cytokine expression data.
Therefore, an unsupervised machine learning approach was necessary and k-means
clustering suitable.

Before fitting the clustering algorithm, a few data preprocessing steps were necessary. First,
we removed features with more than 10% missing values and imputed remaining missing
values using a random forest approach.* Second, we normalized cytokine features by taking
the 10™ root, centered them around zero, and scaled them by their standard deviation. Then,
we made use of Witten and Tibshirani’s idea of a sparse clustering for feature selection.? They
proposed a method that reduces random noise and carves out the underlying structure by
removing features with little or no clustering strength. Their idea is based on weighting the
features according to their ability to split the subjects in distinct clusters, whereas the weight

of a feature reflects its clustering quality.

Then, we fitted a sparse k-means algorithm to the preprocessed data and selected features
with a weight greater than the median weight (Fig.S2A).2 The filtering procedure put on
average most weight on the unstimulated and Ppg-stimulated cytokine expression and least
on the CD3/CD28-stimulated expression. Thus, unstimulated and Ppg-stimulated cytokine
features were linked to a higher variation between clusters and improvement of clustering. This
finding was consistent to fitting k-means to every stimulus itself (Fig.S2B). The features with
the highest weights are unstimulated IL-1f, unstimulated IL-17, and Ppg-stimulated IL-5. The
median cut-off was chosen a priori as cutoff value in order to prevent data dredging by following

a predetermined analysis pipeline.*

After preprocessing and feature selection, a major challenge in k-means clustering was
determining an appropriate number of clusters k. As there is no best method for doing so, we
used four popular approaches that compare the k-means algorithm for different values of k
and synthesized the results. The within sum of squares function (elbow-method)®, the average
silhouette method®, and the gap-statistic® are focusing on the cluster quality as ratio of the intra
cluster and between cluster variation. Additionally, a bootstrapped prediction strength
measuring the algorithm’s ability to predict cluster co-membership is evaluated.” The results
were shown in Fig.S5 A-D respectively. The elbow method (panel A) was monotonically
decreasing and we saw some flattening around k € {2,3}. The average silhouette (panel B)
and gap method (panel C) provided a distinct optimal number of clusters by following an
optimization rule, k=2 and k =3 respectively. The prediction strength (panel D)

monotonously decreased, and preferred k = 2 over k = 3.
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As there was no clear decision for using either two or three clusters, we fitted two k-means
algorithm with 50 random stating points for both values. The resulting partitions were shown in
Fig.3A. We found a clearly separated red cluster and two slightly overlapping clusters (blue
and green). When reducing the number of clusters to k = 2, the red cluster stayed untouched
and other clusters collapsed to a bigger cluster (gray convex hull in the background). As we
found a clear separation of the red cluster for both values of k and some minor distinctions of
the blue and green cluster, we chose k = 3. This entailed cluster sizes of 10 (red), 19 (blue),
and 20 (green).

The clusters were described on cytokine expression level in Fig.S3. After pairwise testing the
cytokine expressions and adjusting for multiple testing®, Fig.4 made use of the adjusted
p-values as measure effect size for cluster separation and high effects (p-values < 0.05) were
indicated with bars. l.e. a low p-value indicated high differences in clusters which triggers
cluster distinction and vice versa. Fig.4 was the reduction of Fig.S3 to cytokines and stimuli

with high effects across clusters.

Moreover, the clusters were described with their sensitization pattern (Fig.5) and basic clinical
and epidemiological characteristics (Tab.1). Those served as sources of external validation,
i.e. validating the cluster by variables not used for the clustering procedure. The sensitization
patterns were compared on allergen level using chi-squared tests and on cluster level using a
permutation test approach based on the average dissimilarity of sensitization patterns

compared to the other clusters with 120000 random permutations.

Finally, we validated the clusters in terms of prediction strength on cytokine expression data

of 188 distinct children from the same cohort (Fig.3B).’
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Fig.S1: A Weights of sparse k-means clustering with median cut-off (red line) faceted by
stimulus. Features with weight above the cut-off were filled out. B Clustering of cytokine
features in each stimulus plotted on the first and second principal component (similar to
Fig.3A).

Fig.S2: Training group: Differences across clusters (x-axis) for cytokine features (horizontal
panels) and stimulus (vertical panels) on expression level (y-axis). Biggest differences were

indicated by a black bar.

Fig.S3: Sensitization rate (y-axis) for each cluster (x-axis) facetted by major allergen
component. Significant pairwise Chi-squared tests on component level were indicated with
horizontal bars. Overall, the sensitization pattern of the red cluster differed significantly from

the others (permutation test: p=0.02). Sensitization cut-off: 0.35 KU/I.

Fig.S4: Validation group: Differences across clusters (x-axis) for cytokine features (horizontal
panels) and stimulus (vertical panels) on expression level (y-axis). Biggest differences were

indicated by a black bar.

Fig.S5: Selection criteria (y-axis) for the number of clusters k (x-axis). The optimal choice was
indicated by blue background. It was not possible to provide an optimum for facet A as this

methods is based on the subjective identification of a knee (k € {2, 3}).
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