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Dynamics of helper CD4 T cells during acute and stable

allergic asthma

Yanxia Lu'?, Hassen Kared', Shu Wen Tan', Etienne Becht', Evan W. Newell', Hugo P. S. Van Bever®, Tze Pin Ng* and Anis Larbi'>®

Asthma comprises heterogeneous clinical subtypes driven by diverse pathophysiological mechanisms. We characterized the
modulation of the inflammatory environment with the phenotype, gene expression, and function of helper CD4 T cells among
acutely exacerbated and stable asthma patients. Systemic Th2 immune deviation (IgE and Th2 cytokines) and inflammation (IL-6,
CRP) were associated with increased Th17 cells during acute asthma. Th2/Th17 cell differentiation during acute asthma was
regulated by the enhanced expression of transcription factors (c-MAF, IRF-4). The development of pathogenic Th2 cells during acute
asthma was characterized by the secretion of inflammatory cytokines coupled with Th2 molecules and PPARy expression. The
acquisition of CD15S, CD39, CD101, and CCR4 contributed to the increased heterogeneity of Regulatory T cells during asthma. Two
clusters were derived from above cytokines, CD4 T cell phenotypes, and clinical data. Cluster 1, characterized by high eosinophils,
Th2 and ILC2 frequencies, and higher exacerbation rates, may represent Th2-high subtype. Cluster 2 represents a more complex
subtype; it is constituted by higher neutrophils or Th17 frequencies, higher inhaled corticosteroids dose and poor asthma control. In
conclusion, we characterized systematically and longitudinally Th2-high and non-Th2 asthma subtypes and the heterogeneity of

CDA4 T cells in stable and acute asthma.
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INTRODUCTION

There is an emerging consensus that asthma is a heterogeneous
disease that comprises of multiple clinical subtypes.'” The
pathophysiology of asthma may involve a variety of innate and
adaptive cells? including type 2 innate lymphoid cells (ILC2),* Th2,
Th17,° regulatory T cells (Tregs)®, and follicular helper T (T¢y) cells.”
Moreover, interactions between the innate and adaptive immune
systems may be crucial for the initiation and propagation of the
immune responses in asthma.?

Th2 cells contribute to hallmark features of asthma mainly via
the production of type 2 cytokines, including IL-4, IL-5, and IL-13,
which are further regulated by the specific expression of GATA-3.
The recent discovery of the ability of ILC2 to secrete large
quantities of type 2 cytokines allows us to infer their potential in
mediating asthma pathophysiology, and recent findings in mice®
further support a role for the innate immune system in driving
asthma. In humans, a higher frequency of ILC2 was detected in
patients with allergic asthma as compared to healthy individuals
or even patients with allergic rhinitis.'® The observation of higher
frequencies and activity of ILC2 in the human lung® and in mouse
models of airway inflammation'"'? confirmed their influential role
in driving lung tissue pathologies. Asthmatic individuals, who
demonstrate higher blood and airway eosinophilia, bronchial
hyper responsiveness, and atopy,'® have been classified as Th2-
high subtype patients. Immune therapies targeting Th2 cytokines

such as IL-5 (mepolizumab) are therefore effective in reducing
asthma exacerbation and systemic corticosteroid dependency in
Th2-high but not in non-selected asthmatic patients.'*'> Allergen-
specific Th2 cells (CCR6-CCR4"CRTH2™) are highly differentiated
and can be characterized by the expression of homing receptors
CD49d and CD161. The combined secretion of inflammatory
cytokines (TNF-a, GM-CSF, IL-9) with classical Th2 molecules could
explain their pathogenic role in driving asthma progression. This
allergen-driven Th2 effector program is regulated by the
transcription factor PPARy, either intrinsically or extrinsically in
T cells and dendritic cells respectively.'®"”

Th2-low (or non-Th2) subtype represents a more heterogeneous
group of patients. Nevertheless, Th2 responses are less frequent in
non-atopic donors and their symptoms reveal a greater involve-
ment of Th17 cells such as increased IL-17A secretion,'® CD161,"”
and PPARy expression.'® Despite their indispensable role in aiding
allergen clearance and maintaining mucosal barriers, observations
in mice models demonstrate a role for Th17 cells in driving
neutrophilic’®?° or eosinophilic’®?" airway inflammation as well as
in promoting bronchial hyper-reactivity.'® Moreover, asthma
patients were found to have elevated IL-17A levels in plasma®??>
and possess higher frequencies of IL-17" CD4 T cells®* in the
lungs. Furthermore, IL-17A levels correlated with the disease
severity of neutrophilic, steroid-resistant asthma.?>?*> Although the
secretion of antibodies (immunoglobulin E (IgE)) is regulated by
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the activity of Tgy, few studies have examined the role of Tgy in
asthma exacerbation and those that exist present conflicting
results.” Independently of asthma, the increased frequencies of
Th2-like Tgy cells have been linked to allergic rhinitis with or
without asthma®® and the development of food allergies.® IL-21,
which is in part secreted by Tgy cells, was reported to both
promote?” and suppress?® the IgE response in different mouse
models of allergic airway inflammation.

Th2 cell activities are finely modulated by the actions of
regulatory T cells, which are recruited to the effector site*
(through the up-regulation of chemokine receptors such as CCR4
and CCR8%°) and limit the tissue-damage that would otherwise be
caused by other inflammatory T cells. The lack of immune
regulation by Tregs is associated with pathologic Th2 response,®'
and the induced hyper-responsiveness of Tregs (through mucosal
exposure to nonpathogenic antigens) could potently suppress
Th2-mediated responses.3? Hence, a clearer understanding of the
mechanisms involved could yield therapeutic opportunities for
treating asthma.

Overall, observations in mice demonstrate that specific interac-
tions between multiple T helper subsets and innate cells have
critical roles in driving asthma pathogenesis and have given rise to
a great heterogeneity of asthma phenotypes. However, these
findings have not been validated in acute asthmatic patients.
Through the immunological characterization of a clinically well-
defined longitudinal cohort of stable and acute asthma young
adult patients (free from other chronic complications), the present
study relies on an unsupervised and high-throughput approach to
comprehensively describe the dynamics and specific involvement
of major adaptive CD4 T cell subsets including Tregs, Th1, classical
and non-classical Th2, Th17, Tgy CD4 T cells, and innate population
ILC2 in different asthma settings. These immunological signatures
are further linked to the expression of specific cytokines and
transcription factors. Via various cutting-edge clustering algo-
rithms, we were able to assign distinct immunological profiles and
clinical outcomes to the different asthma subtypes, further
corroborating the existing data from animal model and pilot
clinical studies.

The unique immunological signatures of individual asthma
subtypes highlight the complex pathophysiology of asthma and
raise useful implications for personalized therapy.

RESULTS

The baseline demographic and clinical profiles of study partici-
pants are shown in Table S1. by acute asthma, stable asthma, and
healthy control groups. There were no significant differences in
mean age, proportions of gender, and family housing conditions
among the three groups (p > 0.05). Participants with acute asthma
were more likely to be smokers (p < 0.001) and have lower levels
of lung function (forced expiratory volume in one second (FEV1)
predicted and forced vital capacity (FVC) predicted, p <0.01).
Compared to patients with stable asthma, those with acute
asthma had significantly longer mean duration of asthma history
of 18.9 versus 15.1 years (p < 0.001); they did not have significantly
more numbers of asthma attacks, but were more frequently
hospitalized in the last 12 months. Six (46.2%) patients in the acute
asthma group and 20 (42.6%) patients in the stable asthma group
reported taking a medium to high dose of ICS (p = 0.82). Patients
with acute asthma gave lower asthma control scores (13.23 +5.12
vs. 18.86 +4.75, p < 0.001), and poorer asthma-related quality of
life (3.94+1.49 vs. 5.10 £ 1.35, p < 0.01).

Plasmatic cytokine signature of acute asthma patients

Firstly, we investigated if exacerbation of asthma could induce a
specific Th2 immune deviation. We studied plasma samples from
our cohort of acute and stable asthma and healthy donors (HD) at
baseline and during longitudinal follow-up. Higher levels of IgE
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(p values =0.0001 and <0.001), IL-10 (p values=0.0057 and
=0.0222), TSLP (p values = 0.0385 and =0.0064), IL-4 (p values <
0.0001 and =0.0015) and IL-13 (p values < 0.0001 and =0.0006)
were detected in acute and stable asthma groups respectively
compared with HD. Inflammatory molecules such as IL-6 (acute
asthma vs. HD: p < 0.0001; stable stable vs. HD: p =0.0008) and
CRP (acute asthma vs. HD: p = 0.0006; stable asthma vs. HD: p =
0.0026) were also exacerbated during asthma manifestation,
particularly in the acute asthma group (Fig. 1a, d). Cytokines and
IgE concentration was reduced in the acute group during 1-year
follow-up (Fig. 1b, e), concomitantly with the normalization of
clinical parameters (lung function, medication usage, asthma
severity). The stable asthma group had generally minimal changes
of clinical data at 6-month and 12-month, although the changes
were more apparent than in the healthy controls (Fig. 1c, f).
Elevated IL-2 during acute asthma (p<0.001) might reflect
indirectly the dynamic activation of T cells.

Cellular signature of acute asthma patients

To gain insight into the modulation of the cellular composition
during asthma exacerbation, we enumerated longitudinally the
frequencies of innate and adaptive immune cells. Although there
was a trend for differences in multiple innate leukocyte sub-
populations, only eosinophil frequency was significantly higher in
stable asthma patients than in HD (p = 0.026). In mixed model for
repeated measures, acute and stable asthma was associated with
increased frequencies of iNKT (identified as TCR Va24Ja18™
CD45," p=0.001), eosinophils (identified as CCR37CD66"CD45,*
p < 0.001), and neutrophils (identified as CCR3~CD661CD45," p =
0.038). Stable chronic asthma was also linked to elevated
frequency of basophils (p = 0.035) (Table S2).

Innate y/& T cells were decreased during asthma (Fig. 2a).
Adaptive immune T lymphocytes were also deeply modulated
during Asthma. The frequency of CD4 T cells was increased
whereas CD8 T cells subsets were reduced (Fig. 2b), and
consequently a higher CD4/CD8 ratio (Fig. 2c) than HD. This
proportion was preserved during the 1-year follow-up of acute
patients (Fig. 2b, d).

The differentiation stage of T cells was also impacted during
asthma. Central memory T cells (CM, CD62L*CD95") are the main
T cell lymphocytes with long term memory properties and are
essential during recall response against pathogens. However, it is
unknown yet if these cells are or are not detrimental during
asthma. As shown in Table S3, we found that acute asthma was
associated with an enrichment of CM CD4 but decrease of CM CD8
T cells. The most differentiated CD8 T cells were defined as
CD45RATCD27~ terminal effector (TE) T cells and were decreased
in all asthma patients at the initiation of the study. In the re-
assessment at 6-month and 1-year, memory T cells remained
elevated during asthma in comparison to HD. We could wonder if
the persistence of allergens may explain the enhancement of the
memory response.

We summarized the main clinical and immunological para-
meters during acute and stable asthma in comparison to HD at the
recruitment time and after 1-year of follow-up in Fig. 2e.
Inflammatory Th2 response, decreased lung function (FEV1
predicted, FVC predicted) and a neutrophil-mediated disease
characterized the acute manifestation of asthma. Peripheral
increase of eosinophils was apparent only during stable asthma.
After one year of follow-up most of the significant variables
modulated during acute asthma (except IL-4 and CRP) were
normalized in comparison to stable asthma.

Modulation of helper CD4 T cells during asthma

Th2 plasmatic signature coupled with the increased frequency of
CM CD4 T cells supported the hypothesis of massive proliferation
and differentiation of memory Th2 during asthma. It was thus
investigated whether the source of Th2 cytokines were adaptive
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Fig. 1 The increase of peripheral Th2-associated cytokine levels in asthma patients. a Radar representation of cytokines concentration (pg/ml)
detected in the plasma from acute (n = 20) or stable asthma (n = 46) patients and the healthy controls (n = 69) at baseline; b Longitudinal
follow-up of plasmatic cytokines in the acute asthma group at 6-month and 12-month; ¢ Longitudinal follow-up of plasmatic cytokines in the
stable asthma group at 6-month and 12-month. d Increased Inflammatory Th2 response at baseline and during follow-up in acute (e) or stable
patients (f). The cytokine concentrations were measured by Luminex (IgE, IL-4, IL-13, IL-10, IL-25, IL-6) or ELISA (TSLP, CRP). Statistical analysis
was performed in comparison to control group (a) or to baseline (b, c). Significant differences were indicated by asterisks; * p <0.05, **

p<0.01, ** p<0.001

Th2 cells or innate ILC2. The composition of CD4 T cells during
asthma was generated using t-SNE*>3** which utilizes unbiased
clustering to visualize high-dimensional data. The identification of
regulatory and helper T cells enabled us to visualize classical and
non-classical subsets during acute and stable asthma (Fig. 3a). The
clusters specific to Th1 (C8, C10), Th2 (C15), Th17 (C5, C14), Try
(C13), and Tregs (C16) were modulated during asthma (Fig. 3b).
The intensity of some markers also changed during asthma.
CD127 expression in Th2 cells might explain their proliferation
(Fig. 3c).

The identification of Th2 was performed by the combination of
surface markers, such as CCR4 and CRTH2, and intra-cellular
expression of specific Th2 transcription factor GATA-3 in healthy
controls and acute or stable asthma patients (from left to right)
(Fig. 3d). Surprisingly, the Th2 frequency was not altered in
peripheral blood of asthma patients (Fig. 3e). However, they
presented lower Th1/Th2 ratio than HD (p <0.01 and p = 0.06 for
stable and acute asthma vs. HD respectively; Fig. 3f) and a specific
increase of CCR4 expression (p < 0.05) during acute asthma (and
enhancement of GATA-3 expression in Th2 cells from stable
patients (data not shown)) (Fig. 3g). We wondered if ILC2 could
contribute to Th2 deviation during asthma despite its low
frequency in peripheral blood. Patients with stable asthma had
lower ILC2 frequency but elevated CCR4 expression than other
groups. GATA-3 was decreased in ILC2 of acute asthma patients

Mucosal Immunology _############HHH######E_

(p < 0.05; Fig. S1). ILC2 (CD127*CD161"CD25+CRTH2"GATA-3")
represented the main ILC population (CD127tCD1611CD25%T-
bet®") in our cohort but we also detected with unbiased
clustering the existence of others ILC subsets characterized by
CCR6 and CXCR3 expression.

We sought to determine which environmental factors could
contribute to or limit manifestation of acute asthma. The high
prevalence of CMV infection in our cohort and the positive
correlation of Th1 frequency with CMV-associated response
prompted us to examine if this persistent infection could influence
the nature of immune response during asthma. Th2 frequency
negatively correlated with CMV IgG level in stable asthma (rho =
—0.713, p=0.009) and HD (rho = —0.607, p =0.028) (Table S4).
The correlation between CMV IgG and frequencies of Th1 and Th2
cells were not performed in acute asthma patients due to the
small number of patients in the group who had both data
available. Dedicated studies are needed to determine whether Th1
immune deviation associated with CMV response may limit
pathology due to inflammatory Th2 cells during asthma.

We dissected further helper T cell composition during asthma
through a differential combination of chemokine receptors in
order to define Th1 (CCR6 CXCR3™), Th17 (CCR6"CXCR37), and
Th1-Th17 (CCR6TCXCR3™) (Fig. 3d). Increased Th17 frequencies
were observed during acute and stable asthma compared with HD
(p<0.01 and p <0.05 respectively; Fig. 3e). Consequently, Th1/
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Fig.2 Stable increase of CD4 T cells during acute and stable asthma. The frequencies of a/f and y/8 T cells (a) or CD4 and CD8 T cells (b) were
measured by multi-parameter flow cytometry in freshly isolated PBMCs at baseline (n = 119) in patients with acute or stable asthma or healthy
controls. Baseline (c) and longitudinal follow-up (d) of CD4/CD8 ratio measured in patients with acute asthma. e Signatures of acute and stable
asthma at baseline and after 1 year of follow-up were represented by log median changes

Th17 ratio was significantly decreased in acute and stable asthma
(p<0.001; Fig. 3f). Acute asthma was also characterized by
increased frequency of Th1-Th17 cells (p <0.01 and p <0.001 in
comparison to control and stable asthma respectively). As
observed for Th2, CCR4 expression was increased as a surface
marker of Th17 during acute asthma (Fig. 3g).

The last major CD4 helper T cells studied were Tgy cells. No
difference in absolute Tgy frequency (identified as CXCR5" CD4
T cells) among the groups was detected. Tgy cells were also
diversified in term of chemokine receptor expression (and
associated function). Acute asthma patients presented higher
frequencies of Tryr17 (CCR6TCXCR3™) and Tryy7 (CCR6TCXCR3™)
than other groups (Fig. S2).

Gene expression and functions of helper CD4 T cells during
asthma

We hypothesized that asthma could induce quantitative and
qualitative modulation of T cell functions. Th1, Th2, Th17, and Tgy
cells were sorted (Fig. S4) and polyclonally stimulated to compare
their activities during acute and stable asthma (Fig. S5). The levels
of Th1 (IL-2, TNF-q, and IFN-y), Th2 (IL-5, IL-9, IL-10, IL-21, IL-17E/IL-
25,1L-31, and IL-33), and Th17 associated cytokines (IL-17A, IL-17F,
GM-CSF, and IL-22) are shown in Fig. 4a. The global identity of
each subset of helper CD4 cells was preserved during asthma. The

SPRINGER NATURE & SOCIETY FOR MUCOSAL IMMUNOLOGY

normalized heat map was utilized to visualize the fold change of
median cytokine concentration. If the activity of Th1 was reduced
during asthma, the secretion of cytokines by Th2 cells was
increased for IL-5, IL-9, IL-10, IL-13, as well as IL-21 and IL-22. Some
cytokines were differentially released by Th2 cells during acute
asthma (IFN-y, TNF-q, IL-17F). The function of Th17 cells were also
enhanced during asthma for classically Th17associated molecules
such as IL-17A and IL-22 but also for non-classical molecules
including IL-5 and IL-13. The increased frequency of Tgy;7 during
acute asthma was characterized by increased secretion of IL-17F
and IL-22.

The differentiation and acquisition of effector functions in
helper CD4 T cells are regulated by concerted actions and
expression of transcription factor (TF). We sought to determine if
changes of cytokine signature during acute asthma were coupled
with the alteration of TF expression (Fig. 4b and Fig. S6). We
normalized the gene expression with the mRNA level of each TF in
control donors. As expected, the master key TBX21 (gene coding
for T-bet), GATA-3, and RoRyt were specifically detected in Th1,
Th2, and Th17 respectively (Fig. S6). However, these expressions
were not exclusive and we observed a more complex pattern of TF
expression during asthma. Bcl-6, Foxo3 and IRF4 were down-
regulated in Th2 whereas c-MAF was slightly increased during
acute asthma. IRF4 was particularly interesting. It appears critical
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Fig. 3 Homeostasis of helper CD4 and regulatory T cells during acute asthma. a CD4 T cell composition during Asthma. t-Distributed
Stochastic Neighbor Embedding (t-SNE) was generated by Cytofkit among concatenated representative patients with acute or stable asthma
and healthy controls. The expression of each marker was automatically scaled. b Differentiation of CD4 T cells during acute and stable asthma.
¢ Characterization of CD4 T cells during asthma. Representative heat map of the fluorescence intensity in clusters from healthy controls, acute,
and stable asthma patients. d Identification of Helper CD4 T cells during asthma. Th1, Th17, and Th1-Th17 subsets were identified as
CCR6 CXCR3", CCR6TCXCR3 ™, and CCR6TCXCR3™ respectively. e Depletion of Th1 and increased frequency of peripheral Th17 populations
during acute asthma. Comparison of the frequencies of Helper CD4 T cells among the healthy control group, the acute asthma group, and the
stable asthma group (n = 72) was performed by flow cytometry. f Inversion of Th1/Th2 and Th1/Th17 ratio during acute asthma. g Increased
CCR4 expression on Th2 and Th17 CD4 T cells during acute asthma. Statistical analysis of CCR4 MFI in Helper CD4 T cells was performed
among the healthy control group, the acute asthma group, and the stable asthma group (n=72)

for the acquisition of effector T cell functions and its loss Induction of pathogenic Th2 cell subsets during acute asthma
compromised Th2 differentiation due to direct regulation of IL-4, The recent identification of allergen-specific Th2 cells in atopic
GATA-3 and Gfi1.3®> We could wonder if this pattern of expression individuals prompted us to investigate in the presence of these

could be due to inflammation or whether it could reflect pathogenic Th2 cells during acute asthma.'” In order to
heterogeneity of Th2 cells. The gene expression of other helper compensate for the absence of tetramers in our study, we used
CD4 T cells was also deeply altered during asthma. Th1 displayed the described phenotype to enumerate inflammatory Th2 cells.
up-regulation of unrelated Th1 TF such as RoRyt and Bcl6. Th17 We excluded any potential contaminations by Th17 or Th9 CD4
was stable except for the decreased expression of IRF4, Foxo3, and T cells by gating out CCR6-expressing CD4 T cells.
PRDM1 (Blimp-1). At this stage, we could only speculate that the The allergic T cell signature was confirmed in our cohort and
immune deviation observed during asthma (IL-22, IL-5, etc.) may included the coexpression of CRTH2, CD161, and CD49d (Fig. 5a).
result from a reprogramming of Th17 cells and might lead to a These Th2 cells were highly differentiated (CD45RO*CD277) but
reduced pathogenicity of Th17.3¢ Finally, the T signature was did not express the senescence marker CD57 (data not shown). As
also perturbed during acute asthma. The down-regulation of Tgy- shown in Fig. 5b, a significant increase of CD161"CRTH2" Th2 was
specific TF Bcl-6 was coupled with up-regulation of Th17 genes detected in acute and stable asthma (p =0.0012 and p =0.0019
(RORYT, c-MAF). These results suggest a development of Tgy7 respectively). The frequency of classical CRTH2 Th2 was also
profile during acute asthma compatible with the expression of enhanced but only in acute asthma (p=0.0076). The main
CCR6 by Tgy cells. Th2 subset (CCR4"CRTH2 CD161") remained unchanged in our
The Th2 polarization of immune cells during asthma is thus patients. We did not observe any striking differences in term of
characterized by a qualitative change of gene expression, the pathogenic Th2 phenotype during acute asthma. The global
phenotype, and cytokine secretion. At this stage, we could signature of these inflammatory Th2 cells was thus preserved
wonder if the heterogeneity within Th2 subsets could explain (Fig. 5¢). We sought to determine if the functions of these cells
the differential role of pathogenic and non-pathogenic Th2 in the could explain their deleterious role during asthma. First, we sorted
pathology of asthma.'®37-3? and polyclonaly stimulated classical CCR4TCRTH2™ and
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Fig. 4 Activation of non-classical transcriptional pathways and related cytokines during acute allergic asthma. a Heat map (blue to red) of
normalized fold change (vs. the healthy control group) of median cytokine concentration secreted by helper T cells after TCR stimulation with
a-CD3/CD28 microbeads. Sorted Th1, Th2, Th17 and Tg4 cell populations were stimulated and incubated (37 °C; 5% CO,) for 48 h. Supernatants
were collected and examined for expression of cytokines in Th1, Th2, Th17, and Tgy cells using Luminex assay. b Heat map of normalized fold
change of transcriptional factors of helper CD4 T cells during asthma. Poly-clonally stimulated sorted Th1, Th2, Th17, and Tgy cells were lysed
and analyzed for their transcription factor expression by RT-PCR. Fold change of each transcription factor expression in acute or stable asthma
was calculated versus its corresponding expression in CD4 T cell subsets from control donors

CCR4TCRTH2' CD4 T cells, CCR4"CD161"CRTH2" and Th17 CD4
T cells from three healthy donors. Due to the relative low
frequency of inflammatory Th2 cells, a large volume of blood was
required. This prevented us to perform this experiment in allergic
donors or in more healthy donors. Pathogenic Th2 cells secreted
limited amount of IFN-y and IL-17A. As expected, the secretory
profile of pathogenic Th2 cells was enriched in Th2associated
cytokines such as IL-4 (p =0.0283), IL-5 (p =0.0908), IL-13 (p=
0.0332) in comparison to CCR4TCRTH2 T cells. Inflammatory
signature was defined by the presence of TNF-a and GM-CSF in
the absence of IL-10. The ability of CRTH2 cells to secrete IL-2 was
enhanced in comparison to classical Th2 cells. Finally, a strong
trend of an increased production of IL-9 in inflammatory Th2 was
observed but was not statistically significant (most likely due to
the number of donors) (Fig. 5d).The regulation of pathogenic Th2
cells has been recently described as PPARy and IL-4/IL-33
dependent'®' in human studies and animal models. We were
able to demonstrate the expression of two isoforms of this TF in
activated CD1617CRTH2™ CD4 T cells (Fig. 5e). The modulation of
PPARy expression and pathogenic Th2 cell activity may potentially
be used as a new therapeutical target during inflammatory
asthma.

Increased diversity of regulatory T cells during asthma

The proliferation and cytokine secretion of T cells are controlled by
Tregs to limit tissue damage during prolonged immune responses.
Tregs defects might also explain the exacerbated Th2 immune
response agdainst the allergen. Tregs were strictly defined as
CD127"°"CD25"9"Foxp3* CD4 T cells (Fig. S3A). Tregs frequency
and Foxp3 expression were preserved during acute and stable
asthma. Tregs/Th17 ratio from acute asthma was borderline but
statistically insignificant (p =0.066). Next, we investigated if
asthma was associated with specific phenotype of Tregs. The
heterogeneity of regulatory T cells was identified during asthma
using UMAP unbiased analysis on concatenated samples from
acute and stable asthma patients and healthy controls (Fig. 6a).
These non-classical Tregs included differential expression of
molecules such as CCR4, CCR10, CXCR3, CD15S, CD39, and
CD101 (Fig. 6b, c). Several clusters were defined by phenographs
and few were particularly enriched for CD15S, CD101 and CD39
expression during asthma (Fig. 6¢ and Fig. S3). In order to avoid
any contaminations by non-suppressive effectors cells (potentially
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expressing Foxp3 after activation), Tregs were stringently defined
as CD127"°"Foxp3™ Helios™ CD4 T cells. An increased frequency of
Tregs co-expressing CD15S and CD39 (p =0.0172 and p = 0.0056
in acute and stable asthma respectively) or CD101 (p = 0.004 and
p<0.001 in acute and stable asthma respectively) was observed
during asthma (Fig. 6d). This accumulation was even more
pronounced during stable asthma than in acute astma for
CD155TCD101" Tregs (p=0.0124). Moreover, Tregs need to
migrate to the same location as effector helper T cells to
specifically mediate their inhibitory roles,>**° and therefore have
to share some characteristics such as TF and chemokine receptor
expression profile. If the profile of Tregs homing and migration
differed during stable asthma as assessed by the decreased
expression of CCR4 (Fig. S3), we noticed that CD39" Tregs could
present an increased expression of CCR4 during acute asthma
(p = 0.035). Interstingly, CCR10 was also up-regulated on CD39"
Tregs during acute (p=0.022) and stable asthma (p =0.044).
CD39,*"*2 CD155*, and CD101**** have been described as key
molecules to identify highly supppressive Tregs. CD39" Tregs
were able to control allergic airway inflammation in an animal
model*® but were reduced during allergic asthma.*” We wondered
if the up-regulation of these markers during asthma was
associated with an enhancement of Tregs activity. We performed
co-culture experiments on isolated Tregs (defined as
CD127°%CD25"9") and effector CD4 T cells (defined as
CD127%CD257) from frozen PBMCs of patients with stable asthma
or healthy controls (Fig. 6e). The number of cells and the
availability of samples limited our approach to study only a % ratio
of Tregs/Teff. The CFSE dilution of effector CD4 T cells was
decreased in presence of regulatory T cells in asthma patients and
healthy controls. The inhibition of T cell proliferation was
evaluated by the frequency of live non-dividing CD4 T cells
(Fig. 6f). The frequency of non-proliferating CD4 T cells was
increased in presence of Tregs from healthy controls (p = 0.0003)
and stable asthma patients (p = 0.0023). However, no significant
differences were observed regarding the suppressive functions of
Tregs during asthma.

Modelization of network analysis, specific signatures of acute and
stable asthma, and identification of asthma subtypes

We modeled the relationship between TFs and cytokines during
asthma with String Software (Fig. 7a). High confidence interaction
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Fig. 5 Induction of pathogenic Th2 cells during acute asthma. a Heterogeneity of Th2 cells during asthma. Representative density plots of Th2
(CCR6 CCR4™) subsets identified by the differential expression of CD161 and CRTH2 in healthy donors (n = 25), acute (n = 8) and stable (n = 8)
asthma patients. Th2 populations from acute asthma patients were overlaid on the histograms in order to compare the relative expression of
CD49d, CD27, and GATA-3. b Increase of non-classical Th2 cells during asthma. Frequencies of Th2 subsets were assessed in frozen PBMCs
from healthy donors and acute or stable asthma patients. ¢ Phenotype of pathogenic Th2 cells during Asthma. Median fluorescent intensity of
surface and intra-cellular markers was compared between gated Th2 subsets in all donors. d Increased effector function of non-classical Th2
cells during asthma. Th2 subsets and Th17 cells were sorted and polyclonally stimulated with PMA/ lonomycin. Supernatants were collected
and analyzed by luminex to detect cytokine secretion. e Expression of the transcription factor PPARy in pathogenic Th2 cells. Sorted T cells
were lysed after stimulation. The levels of mRNA PPARy isoforms were analyzed by RT-PCR in classical or pathogenic Th2 and Th17 CD4 cells
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score helped us to represent and understand the action types
(activation, inhibition) between the different molecules. K-means
clusters defined four main clusters from the protein network in an
unbiased approach. Inflammatory molecules were associated with
Th17 family members whilst Th1 and Th2 were closely related in
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an exclusive manner. Indeed, TFs (TBX21 and GATA-3) and
cytokines (IFN-y versus IL-4) inhibited each other reciprocally. In
order to summarize our data, we tried to establish a signature of
acute and stable asthma that integrates cytokines detected in the
plasma and secreted by helper CD4 T cells, composition and
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Fig. 6 Heterogeneity of regulatory T cells during asthma. a UMAP repartition of Tregs from acute and stable asthma patients and healthy
controls. Concatenated Tregs (CD127'°“FoxP3"Helios ") from acute (n = 10) and stable asthma patients (n = 13) and healthy controls (n =9)
were visualized by UMAP. Similar number of events from the different groups was represented. Density plots represented the relative
frequency of Tregs. b Phenotype of Tregs during asthma. Concatenated samples from acute and stable asthma patients and healthy controls
were analyzed for their relative expression of surface and intracellular markers. ¢ UMAP repartition of Tregs markers and of clusters during
asthma. Normalized intensity of each marker was represented. Phenograph determined automatically individual clusters, which were
represented by specific colors. d Frequency of non-classical Tregs during Asthma. The subsets of Tregs defined as CD127'°“FoxP3Helios™
CDA4 T cells were quantified in frozen PBMCs from acute (n = 10) and stable asthma patients (n = 13) and healthy controls (n = 9). Frequencies
were analyzed by Mann-Whitney U test. e Suppressive functions of Tregs during asthma. Representative histogram plots of CD4 T cell co-
culture. CFSE-stained effector CD4 T cells (CD1277CD25~) were stimulated with a-CD3/CD28 beads alone or in presence of Tregs (1/4 ratio)
during 4 days. f Preserved functions of Tregs during asthma. Paired t-tests were used to compare the frequencies of non-proliferating effector
< CDA4 T cells. Test significances were indicated by asterisks; *p < 0.05, **p < 0.01, ***p < 0.001

phenotype of immune cells, and asthma-related clinical para-
meters (Fig. 7b). The increased heterogeneity of Th2 cells may
explain the enhancement of their functions during asthma. The
close monitoring of inflammatory molecules, pathogenic Th2 and
Th17 cells may be informative in assessing therapy responsive-
ness. Together, these data imply that inflammation and immune
differences between acute and stable asthma are essential to the
clinical manifestations of the disease.

Finally, cluster analysis was performed on asthma patients using
all parameters of blood composition, phenotyping of immune
cells, systemic cytokines, and clinical data stated as above in order
to identify potential asthma subtypes. The optimal number of
clusters was determined by the Mclust package of R software
based on Bayesian information criterion (BIC). As shown in Fig. S7,
the largest BIC appeared in Mclust VVI (diagonal, varying volume
and shape) model with 2 clusters. K-means clustering was then
performed with the optimal number (i.e., 2) of clusters. Among the
48 patients without any missing data for the included parameters,
there were 29 patients (60.4%) in cluster 1, and 19 patients (39.6%)
in cluster 2. The distributions of the two clusters were depicted in
Fig. 7c. The standardized score and absolute values of cluster
centers of each parameter in cluster analysis was shown in Fig. 7D.
and Table S5 respectively. Cluster 1 was characterized by elevated
eosinophil count, Th2 and ILC2 frequencies, and asthma exacer-
bation rates. It may thus represent Th2-high asthma subtype. IgE
did not discriminate finely patients in this cohort. The level of IgE
was increased in both clusters (cluster 1 center: 2598.66 pg/ml,
cluster 2 center: 4309.76 pg/ml), and especially in cluster 2. Cluster
2 showed high neutrophil count, Th17 frequency and inverted
Th1/Th17 ratio, and inhaled corticosteroids dose, poor asthma
control (ACQ score) and lung function (FEV1 Pred (%) and FVC
Pred (%)) and concomitant detection of high Th1 (IL-2), Th2 (IL-4,
IL-13), and inflammatory cytokines (IL-6). Cluster 2 can be
considered as a non-Th2 asthma subtype which represents the
complexity and heterogeneity of asthma.

DISCUSSION

Corroborating the recent findings of the diverse contribution of
multiple adaptive and innate immune cells to the heterogeneity of
asthma, the present study derived two clusters that correspond
either to a Th2-high or a non-Th2 asthma subtype. These findings
are based on the analysis of donor blood composition - i.e the
detailed characterization of immune cells, systemic cytokines, and
relevant clinical parameters. This study also shows that in addition
to classical Th2 cells, asthma is also associated with an increased
frequency of non-classical regulatory and helper T cells.'’#84°
These results have important implications towards the formulation
of personalized therapies against asthma.

The immune-modulation of innate populations may represent
one of the earliest biological events that initiate the secondary
phase of the immune response. In our cohort, we identified a role
for innate cells in driving the pathophysiology of asthma. The
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infiltration of eosinophils and neutrophils®® has been recognized
as a hallmark feature of asthma, and is respectively characteristic
of a Th2 high and non-Th2 asthma subtypes in this clinical study.
In comparing the two asthma subtypes, the frequency of ILC2 was
elevated in patients from the Th2-high subtype. Although the
hierarchical importance of the contribution of Th2 and ILC2 in the
pathology of asthma remains unknown, we could speculate that
the release of Th2 cytokines by ILC2 contributes to a biochemical
environment that sensitizes the adaptive immune response
towards allergen reactivity.'®*'™>* We did not have access in this
study to lung biopsy or broncho-alveolar lavage fluid to evaluate
the tissular response and compare the local and peripheral
immune responses in different asthma subtypes. Whether the
homing and migration potential to tissue (lung) of Th2 and ILC2
are similar and related to CCR4 and GATA-3 modulation will
require further investigation.

The nature and extent of cytokine secretion by T cells not only
determines the rate of elimination of allergens/pathogens, but
also the amount of bystander activation during inflammation. In a
type 2-infection model, the convergence of chromatin landscapes
(i.e. regulomes) between ILC2 and Th2 cells was previously
described®?; it may therefore be worthwhile to determine whether
the epigenetic signatures of these cellular subsets are similarly
linked in Th2-high asthma, since this knowledge is useful in
directing therapeutic interventions. Nevertheless, increased IL-4,
IL-13, and IL-2 levels were observed even in non-Th2 asthma
subtype, indicating the complexity and heterogeneity of non-Th2
asthma. Although greater attention has been given to the function
of IL2 in driving T-cell proliferation and thereby contributing to
sustained pathogenic Th2 activities, IL-2 is also shown to provide
migrational signals to allergen-specific T cells during asthma.>
The specific role of ILC2 and Th2 cells in driving the level of each
Th2 cytokine therefore warrants further evaluation and corrobora-
tion in other cohort studies — so that their contribution can be
carefully weighed to determine the respective dominance in each
asthma subtype so as to achieve a more targeted therapeutic
approach.

The present study found that the increased frequency of Th17
population was coupled with inverted Th1/Th17 ratio in the cluster
of non-Th2 asthma subtype, suggesting that Th17 cells are also key
players in the heterogeneity of the pathophysiology of human
asthma. In mouse studies, antigen airway sensitization primes not
only Th2 cellular responses, but also strong Th17 cell responses that
promote airway neutrophilia and acute airway hyper-
responsiveness.>®>” Since the latter is chiefly orchestrated by the
expression of the master TF RoRyt>® it was not surprising that
asthma patients could be stratified into three groups (Th2"9,
Th17"9" and Th2/17'°" %) based on the genetic signature of their
endo-bronchial tissue. Here, we corroborate earlier findings of
higher neutrophils and Th17 frequencies in non-Th2 asthma.
Furthermore, Th2 and Th17 inflammatory pathways are reciprocally
regulated in this study; and Th17-related cytokines such as IL-17A
and IL-22 were highly expressed in non-Th2 asthma. These findings
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Fig. 7 Pathway analysis and differential signature of asthma. a Network analysis of pathways associated with asthma. Analysis was performed
using STRING, which is a biological database and web resource of known and predicted protein-protein interactions. All nodes in this network
are colored nodes representing query proteins and first shell of interactors. The colors of the nodes represent clusters determined by K-means
clustering. Edges represent protein-protein functional associations. String representation summarized the documented interactions between
transcription factor and cytokines. An annotation score = 0.5 indicates a high confidence interaction. b Differential signature of acute and
stable asthma at baseline was represented by volcano plot. Data relative to clinical parameters, peripheral cytokines, phenotypes, and
functions of helper T cells were integrated on this representation. The x-axis and y-axis show log; (fold change) of the values for the acute
asthma group versus the stable asthma group and the corresponding -logo (p value) respectively. Dots in blue indicate higher value in the
stable asthma group and in red indicate higher value in the acute asthma group. Labels were attached to significant parameters falling above
the line of —log, (0.05). Labels in red, yellow, green, blue, and purple are for chemokine receptors, peripheral cytokines, cytokines secreted by
cell subsets, clinical parameters, and phenotyping respectively. ¢ Asthma subtypes identified by cluster analysis using all parameters of
immune phenotyping, cytokines, and clinical data. Data were standardized before analysis. Clusters were plotted in the first principal
components by principal component analysis (PCA). Each dot represents one asthma patient. Dots in blue are those in cluster 1 and in red are
those in cluster 2. PC principal component. d Heat map of cluster centers of each standardized parameter in cluster analysis. Blue indicates
relatively low values and red indicates relatively high values. MFI mean fluorescence intensity, TE terminal effector, CM central memory, ICS
inhaled corticosteroids (3 = medium to high dose (> 250 pg/day), 2 low dose (< 250 pg/day), 1 = no use), ACQ asthma control questionnaire,
FEV1 Pred forced expiratory volume in 1 second predicted, FVC Pred forced vital capacity predicted

are consistent with those from previous studies that reported
increased RoRyt and RoRC activity in the PBMCs of asthmatic
patients.°*®" In the different asthma subtypes, the balance between
RoRyt (and amplified by Foxo3%?) and GATA-3 expression by CD4
T cells may therefore be important in driving either the Th17- and
Th2- centric neutrophilia and eosinophilia respectively.

As shown in the present study of acute and stable asthma, Th2
cells are capable of orchestrating different outcomes in asthma
pathology due to their predisposition of the intrinsic and extrinsic
environment. The dominance of the TF PPARYy is characteristic of
pathogenic Th2 cells and supports effector function acquisition in
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Th2 cells (IL-5) but not Th2 differentiation (IL-4)."® Nevertheless,
the tissue-specific prevalence of Th2 cytokines such as IL-4 and IL-
33 may act to perpetuate allergic Th2 conditioning.%® Together
with others,®* we observed that the up-regulation of c-MAF during
acute asthma could be a hallmark signature of pathological Th2
cells that is triggered by allergen challenge. Next, the increased
expression of multi-drug resistance type 1 membrane transporter
ABCB1/MDR1 by Th2 cells during acute asthma warrants future
investigation, since it can be speculated that the coupling of
ABCB1 and CD161 expression has similar roles for Th2 and Th17
cells in the pathology of asthma.®®
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Although a better understanding of the biology of Th2 cells
during asthma is in itself an important endeavor, we must be
further capable of identifying and monitoring dysfunctional Th2
cells. In this study, we validated the tracking of CRTH2, CD161,
CD49d, and CD27 expression in Th2 cells as a robust method of
identifying allergen-responsive Th2 cells."” Although pathogenic
Th2 cells are rare, they can be enriched and therefore studied for
their allergen specificity. Nevertheless, we need also further
explore whether pathologic Th2 cells can be neutralized in vivo, as
this could open new therapeutic opportunities for asthma
patients. Regulatory T cells that express CD155,** CD39 and
CD101* have been shown to effectively participate in both Th2*
and Th17 regulation*?; increasing the frequencies of these Tregs in
asthma patients may therefore present an effective treatment
opportunity. The diagnostic value of monitoring CD39 expression
is reinforced in studies which show that CD39 polymorphism®
and differential expression®” contribute to different risk profiles in
allergic asthma and allergic rhinitis.

Overall, the present study suggests the complexity in the Th2
response, since it is heterogeneous and not restricted to the
contribution of Th2 cells. Although participants were excluded
from this study if he/ she had taken oral steroids within 2 weeks
before the onset of this study, this study share the common
features of clinical studies and could not fully exclude the
potential confounding of steroids intake. The identification of
mechanisms that drive the differentiation and inflammatory
functions of pathogenic helper CD4 T cells may facilitate the
classification of asthma subtypes and subsequent personalized
treatment regimens.” Given the diversity of T cells that are
involved in the pathology of asthma, it would be naive to expect
that targeting Th2 cells alone could mitigate pathologies in
asthma; it is likely that clinical interventions need consider the
crosstalk between the various immune cell types involved to be
effective in controlling asthma pathogenesis.

MATERIALS AND METHODS

Study design

This study recruited 139 young adult donors aged 21-35 years,
including 50 patients with stable asthma (no asthma attack for >
3 months), 20 patients with acute asthma exacerbation, and 69
age- (£2 years) and gender-matched healthy controls. All donors
were free from any other chronic disease. Patients with asthma
had not taken oral steroids for at least 2 weeks before study onset.
The participants’ demographic, asthma clinical and immunological
profiles were assessed at each visit. Spirometric tests were
administered and 20 milliliter venous blood samples were
collected from donors into the BD Vacutainer® CPT™ Cell
Preparation tube with Sodium Citrate at baseline, 6" month, and
1-year respectively. All donors signed written informed consent for
the study, which was approved by the National Healthcare Group
Domain Specific Review Board of Singapore. The detailed
information of study design and participants can be found in
the online Supplementary Materials.

Luminex and ELISA tests

Plasmatic levels of cytokines including IL-4, IL-13, IL-10, IL-25, IL-6,
IL-2, and IL-12p70 were tested using Luminex kits from Millipore.
The concentration of IgE and transforming growth factor beta 1
(TGF-B1) was measured by Millipore Human Single Plex. The levels
of C-reactive protein (CRP), Thymic Stromal Lymphopoietin (TSLP)
and IL-33 were determined using ELISA kits from Millipore, R&D
Systems and ENZO respectively. Plates were run according to the
manufacturers’ instructions.

Immune cell phenotyping

Whole blood (100 pl) was lysed using red blood cells (RBC) lysis
buffer (eBioscience) and stained with the following antibodies
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(panel 1) as markers of leukocytes: CCR3, CD64, CD66b, CD45, V
alpha 24 J alpha 18 TCR and CD14.

Fresh peripheral blood mononuclear cells (PBMCs, 2 million)
were isolated and stained for stages of T cell differentiation using
the following markers: CD3, CD4, CD8, CD27, CD45RA, CD62L,
CD95, CD31, and TCR y/6 (panel 2).

Unstained PBMCs were cryopreserved in 90% fetal bovine
serum (FBS) containing 10% dimethyl sulfoxide (DMSO). On the
day of surface and ICS, 2 million cells were thawed rapidly and
washed extensively with PBS containing 10% FBS. Sample
recovery was >75% without loss of specific immune populations.
The viability of cells was >95% as tested by trypan blue exclusion.
T cells and ILC2s were labeled using the following markers: CD3,
CD4, CD8, CD25, CD127, CCR4, CRTH2, CCR6, CXCR3, CXCR5, CTLA-
4, FOXP3, and GATA-3 (panel 3).

We used FACS Symphony to perform high-dimensional
immunophenotyping and identify classical and pathogenic Th2
cells from 2 million PBMCs with the following antibodies: CD3,
CD4, CD14, CD25, CD127, CCR4, CRTH2, CCR6, CXCR3, CXCR5,
CD57, CD38, CD94, CD49d, CD56, TCR-Va7.2, CD27, CDA45RO,
CD161, FOXP3, T-bet, Helios, GATA-3 (panel 4).

We used FACS Symphony to identify classical and non classical
Tregs cells from 2 million PBMCs with the following antibodies:
CD3, CD4, CD14, CD15S, CD25, CD39, CD101, CD127, CCR4, CCR6,
CCR10, CXCR3, CD94, CTLA-4, FoxP3, Helios (panel 5).

The dyes and detailed information of antibodies in each panel
are summarized in Table S6. All preparations included a Live/Dead
marker to exclude dead cells and false positive staining. Cells were
suspended in PBS 4 5% FBS in a concentration of 10 million cells/
ml and transferred to a U-bottom 96-well plate to reach desired
cell density (2 million cells/well). For surface marker staining, the
wells were added antibody mix and incubated for 30 min at 4 °C
with the plate sealed with aluminum foil. Next, fixation and
permeabilization were performed. Two-hundred microlitre pixel
buffer (fixation/permeabilization concentrate (4x) diluted with
fixation/permeabilization diluent) was added to each well and
incubated for 30 min at 4 °C with the plate sealed with aluminum
foil. After centrifuge and discarding supernatant, the wells were
added 200 pl/well permeabilization buffer (10%, diluted with
water). Finally, intracellular staining (ICS) was done by adding
the antibodies to the wells and incubating for 30 min at 4 °C with
the plate sealed with aluminum foil. The samples were washed,
transferred to polystyrene tubes, centrifuged, and re-suspended
into 200 pl PBS followed by acquisition at BD LSRFortessa™ X-20.
Multicolor flow cytometry data were analyzed using FlowJo
(Treestar) and FACSDiva (BD Biosciences).

Cell sorting

Thirty million PBMCs were thawed, filtered, and stained with
surface markers CD3, CD4, CRTH2, CCR6, CXCR5, CXCR3, and Live/
Dead (panel 6) to sort Th1, Th2, Th17, and TFH cell populations.
Fifteen million PBMCs were thawed, filtered, and stained with
surface markers CD3, CD4, CRTH2, CCR6, CCR4, CD161, and Live/
Dead (panel 7) to sort Th2 subsets and Th17 cell. Stained cells
were washed, centrifuged, and suspended in PBS + 5% FBS to
obtain a concentration of 10 million cells/ml. Compensation
controls were prepared including unstained cells, positive beads
(binding antibody), and negative beads (not binding antibody).
Cells were sorted with PBS at 3000 events/min on BD FACSAria™
Cell Sorter. Samples were collected into sterile polypropylene
tubes prefilled with 500 ul of PMRI-1640 + 20% FBS.

Cell stimulation and cytokine expression

Sorted Th1, Th2, Th17, and TFH cell populations were obtained
from pooled PBMCs and stimulated with CD3/CD28 human T-
activator (Thermo Fisher Scientific). Cells were incubated (37 °C;
5% CO,; Tractor Supply Company) for 48 h. Supernatants were
collected and examined for expression of cytokines IL-5, IL-17E/IL-
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25, IL-31, IL-33, IL-17A, IL-17F, GM-CSF, IL-2, IL-9, IL-10, IL-21, IL-22,
TNF-q, and IFN-y in Th1, Th2, Th17, and TFH cells using Millipore
Luminex assay (HTH17MAG-14k-10).

Sorted Th2 subsets and Th17 cell were stimulated with PMA/
lonomycin. Cells were incubated overnight at 37°C; 5% CO,
(Tractor Supply Company). Supernatants were collected and
examined for expression of cytokines IL-4, IL-5, IL-13, IL-17A,
GM-CSF, IL-2, IL-9, IL-10, TNF-a, and IFN-y in Th2 and Th17 cells
using Millipore Luminex assay (HTH17MAG-14k-10). All stained
antibodies were from BD Biosciences, BioLegend, and Invitrogen.

Gene expression of transcription factors

Polyclonally-stimulated Th1, Th2, Th17, and Tg, sorted T cells were
lysed and analyzed for their TF expression by reverse transcription
polymerase chain reaction (RT-PCR). RNA extraction was per-
formed using an RNeasy Plus Micro kit (Qiagen) according to
manufacturer’s instructions. Briefly, samples were first lysed and
homogenized. The lysate was passed through a gDNA Eliminator
spin column followed by the addition of ethanol to the flow-
through, and the sample was afterwards applied to an RNeasy
MinElute spin column. Only RNA binded to the membrane and
contaminants were eliminated. mRNA was reverse transcribed into
cDNA using the SuperScript First Strand kit (Invitrogen) according
to manufacturer’s instructions. The first-strand cDNA synthesis
reaction was catalyzed by SuperScript® Il Reverse Transcriptase
(RT). cDNA was analyzed by real-time PCR with the KAPA SYBR
gPCR Master Mix kit (KAPA Biosystems) and the following primers
from Qiagen: TBX21, PRDM1, RORyt, c-MAF, ABCB1, bcl6, Foxo3,
IRF4, GATA-3, and BAG6, and customized primers for PPARG-1 and
PPARG-2."®

CMV IgG titers

The level of CMV IgG was measured by ELISA (Genesis
Diagnostics). Plates were read at 450 nm, and the concentration
of CMV IgG was calculated according to OD values.

Statistical analysis

Data analysis was performed using GraphPad Prism version 6,
PASW/SPSS 18.0, and R software. One-way analysis of variance
(ANOVA) and Kruskal-Wallis test were performed for data with
normal and non-normal distribution respectively for the
comparison among patients with stable or acute asthma and
the healthy control group at baseline. Mixed model and
Friedman test were used to investigate the time effect within
the group when applicable. Heat map of normalized fold change
versus the healthy controls of median cytokine concentration in
T helper subsets and volcano plots were generated using R.
Composition of CD4 T cells was analyzed using t-distributed
stochastic neighbor embedding (t-SNE)**** and automatic
clustering by Matlab to visualize high-dimensional data.
Composition of Tregs was analyzed using Uniform Manifold
Approximation and Projection (UMAP) (https://doi.org/10.1101/
298430) °° and automatic clustering by phenograph to visualize
high-dimensional data. Network analysis of pathways was
performed using STRING®®®7 (https://string-db.org/), a biological
database and web resource of known and predicted
protein—protein interactions. Post-hoc analysis was performed
with Bonferroni adjustment for one-way ANOVA and Dunn
adjustment for Kruskal-Wallis test and Friedman test. Asthma
subtypes were identified by k-means cluster analysis using
parameters of immune phenotyping, cytokines, and clinical
data. Parameterized Gaussian finite mixture model was used to
identify optimal number of clusters according to Bayesian
information criterion (BIC). Clusters were plotted in the first
principal components by principal component analysis (PCA).
Statistical significance was set at p < 0.05.
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Supplementary Material

Study design

Thisisaclinical study with follow-up study design. Seventy young adults (aged
21-35 years) with physician-diagnosed asthma were recruited, including 20 asthma
patients under acute exacerbations from Department of Emergency (EMD), 50 with
stable patients who were in quiescent state (no asthma attack for >3 months) from the
routine follow-up of speciaist clinics of Respiratory & Critical Care Medicine of
National University Hospital (NUH). A group of 69 healthy controls were volunteers
age-matched (+/- 2 years) and gender-matched with asthma patients, without current
or previous history of asthma and have agreed to provide blood samples, health
information and written informed consent. Participants were followed and re-assessed
a 6 months and 12 months for a follow up duration of one year. All participants
signed written informed consent for the study, which was approved by the National
Healthcare Group Domain Specific Review Board.

The inclusion criteria were: asthma patients @) with physician-diagnosed asthma
based on Globa Initiative for Asthma (GINA) diagnostic criteria for asthma; b)
present at the first date of EMD visit for acute exacerbations of asthma or on routine
follow up at Respiratory & Critical Care Medicine specialist clinics with known
asthmain quiescent state (free of asthma attacks) for at least 3 months; ¢) aged 21-35
years; d) able to understand and respond to questions in English; healthy controls a)
aged 21-35 years; b) able to understand and respond to questions in English. The
exclusion criteria were individuals a) with other pulmonary disease (cystic fibrosis,
etc.); b) having neurologica or psychiatric illness (depression, schizophrenia, bipolar
disorder, post- traumatic stress disorder, attention deficit hyperactivity disorder,
autistic disorder, etc.); ¢) having gastro-intestinal (e.g. irritable bowel syndromes),
autoimmune disorders (arthritis, lupus, etc.), pituitary syndromes, Cushings syndrome,
involving disturbances in the hypothalamic-pituitary-adrenal (HPA) axis; d) on ora
steroid treatment within two weeks before visiting; €) having mental incapacitation or
learning disability with difficulty understanding and responding to questions in
English.

Asthma was diagnosed by speciaists from NUH based on GINA diagnostic
criteria for asthma. When making the diagnosis, the physician usually assessed first
the patient’s respiratory symptoms and detailed history. If there was a history of
variable asthma symptoms (such as presence of multiple symptoms of wheezing,
cough, shortness of breath, and chest tightness variably over time and vary in
intensity), physical examination would be performed to confirm the symptoms.
Spirometry test would be administered if physical examination supported asthma
diagnosis (i.e., normal physical examination, but wheezing on auscultation, especialy
on forced expiration). The patient would be diagnosed as asthmatic if there was aso
evidence of variable expiratory airflow limitation including reduced FEV1/FVC ratio
and greater variation in lung function than in healthy people. Testing was repeated
during symptoms when needed.

Interested volunteer patients and healthy controls were invited to attend a
screening interview to assess their eligibility and provide informed consent before
enrolment. After this, trained nurses would bring the participant to a designated room



within the department that is free from distraction and where the conversation
between the investigator and the participant could not be overheard. The participants’
demographic, asthma clinical and immunological profile were assessed at each visit.
Spirometric test was administered and 20 milliliter (ml) venous blood samples were
collected from subjects into the BD Vacutainer® CPT™ Cell Preparation tube with
Sodium Citrate. Within 2 h after sample collection, samples were centrifuged at room
temperature in a horizontal rotor for 20 minutes at 1650 rcf with the brake off. After
centrifuge, peripheral blood mononuclear cells (PBMCs) and plasmawere separated
into different layers by the CPT™ tube and transferred into separate tubes. Plasma
was then aliquoted and stored in —80°C freezer until the time the experiments were
performed. PBM Cs were washed with PBS + 5% FBS, re-suspended in 6ml of 90%
FBS + 10% DM SO, and stored (in six equa aliquots) overnight in —80°C freezer
before transferring to liquid nitrogen. The total cell count ranged from 40 million to
60 million.
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Fig. S1. Frequencies and phenotype of ILC2 during asthma. A) Gating strategy of
ILC2. B) Frequencies of ILC2 (CD127"CRTH2") and the mean fluorescence intensity
(MFI) of GATA-3 and CCR4 in ILC2 during asthma. C) Unbiased t- Stochastic
Neighbour Embedding (t-SNE) distribution of ILC composition during asthma.
Polychromatic flow cytometry data were analyzed by Cytofkit and FlowJo.
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Fig. S2. Frequencies of T_, cells and the expression of chemokine receptors
CXCR3 and CCR6 during asthma.
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Fig. S3. Characterization of regulatory T cells during asthma. A) Representative
histograms of the fluorescence intensity of Foxp3, CTLA-4, CCR4, and GATA-3
expressed by Treg cells in healthy controls (green), acute (blue) and stable asthma
patients (red). Effector CD4 T cells from acute asthma were used as internal control
(black). B) Modulation of functions and migratory profile of Treg during asthma.
Immunophenotyping of Treg cells was performed on frozen PBMCs from healthy
controls and patients with acute or stable asthma at baseline. Chemokine receptor
expressions were measured at surface of Treg cells identified as
CD127°“CD25""Foxp3*. Transcription factors (FoxP3, GATA-3) and inhibitory
molecule (CTLA-4) were assessed intracellularly on the gated Treg cells. C) Induction
of non-classical Tregs during Asthma. CD15S and CD101 staining at the surface of
Tregs (CD127"°"CD25"%"Foxp3*Helios*) during acute and stable asthma patients and
healthy controls represented “asthma specific” Treg.
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Fig. Sb. Activation of non-classical transcriptional pathways and related
cytokines during acute allergic asthma. A) Quantification of Th2 associated
cytokines (IL-5, IL-17E/I1L-25, IL-31, IL-33, IL-9, IL-10, and IL-21) secreted by Th1l,
Th2, Thl7, and T, cells during asthma. Subsets of CD4 T cells were sorted from
pooled PBMCs and stimulated with CD3/CD28 human T-activator. Supernatants were
collected after 48 hours and examined as described in Methods for their expression of
the above cytokines. B) Quantification of Th17 associated cytokines (IL-17A, IL-17F,
GM-CSF, and IL-22) secreted by Thl, Th2, Thl7, and T_, cells during asthma. C)

Quantification of Thl associated cytokines (IL-2, TNF-a, and IFN-y) secreted by Th1,
Th2, Th17, and T, cells during asthma.
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Fig. S6. Transcriptional signature of helper CD4 T cells during asthma. Poly-
clonally stimulated sorted T cells were lysed and analyzed for their transcription
factor expression by RT-PCR.
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Table. S1. Socio-demographic and clinical characteristics of young adults aged 21-35 years by
acute asthma, stable asthma, and healthy control

Acute Asthma Stable Asthma  Healthy Control _ Significance Tests
(n=20) (n=51) (n=169) Flx t p
Gender
Male 10 (52.6) 26 (51.0) 37 (53.6) 0.082 0.960
Female 9 (47.4) 25 (49.0) 32 (46.4)
Age 27.00+ 4.89 27.27+5.14 25.48 + 3.38 2.800 0.064
Smoking status
Non-smoker 6 (40.0) 35 (68.6) 65 (94.2) 26.216  <0.001
Past or current smoker 9 (60.0) 16 (31.4) 4(5.8)
FEV1 2.04+1.11* 2.79+0.78 2.82+1.03 3.043 0.051
FEV 1 Pred (%) 58.30+ 25.64**+  85.34+21.73 87.21+28.88 5377 0.006
FvC 276+ 1.37 356+ 1.02 3.70+ 141 2.375 0.097
FVC Pred (%) 67.20+26.25**+  90.34+20.45  95.81+31.03 4.886 0.009
IgE (pg/ml) 2057.63 + 3363.89 3721.60 + 495.89 1.823 0.166
15000.67 476.40
Number of asthma attack within 1 year 444+ 234 3.84+5.87 NA 0.155 0.695
Number of hospitalization past year 1.81+156 0.53+0.95 NA 16.062  <0.001
Duration of asthma (years) 18.87 +10.48 15.08 + 10.19 NA 86.237  <0.001
Dose of Inhaled corticosteroids (ICS)
Medium to high dose (=250 pg/day) 6 (46.2) 20 (42.6) NA 0.390 0.823
Low dose (<250 pg/day) 2 (15.4) 11 (23.4) NA
No use 5(38.5) 16 (34.0) NA
Asthma control 13.23+5.12 18.86 + 4.75 NA 14.061  <0.001
Asthma quality of life 3.94+1.49 510+ 1.35 NA 7.803 0.007
Activity limitation 1.97+0.83 2.42 + 0.64 NA 4,544 0.037
Symptom 374+ 141 550+ 1.48 NA 9.198 0.004
Emotional function 391+1.72 501+ 161 NA 5.258 0.025
Exposure 3.87+151 505+ 154 NA 6.873 0.011

Figuresin table denote M £ SD or number and %. ** p < 0.01, * p < 0.05 vs. the healthy control group.
+ p < 0.05 vs. the stable asthma group. FEV 1 Pred = forced expiratory volume in 1 second predicted,
FVC Pred = forced vital capacity predicted.



Table. S2. Comparison of leukocytes using ANOVA and mixed model for repeated measure by

acute asthma, stable asthma, and healthy contr ol

Significance Tests

Acute Asthma Stable Asthma Healthy Control F 5
Baseline n=15 n=44 n=69
iNKT % 0.19+0.28 0.15+0.18 0.11+0.11 1.673 0.192
Eosinophil % 414+ 3.08 4.84 + 4.29* 3.18+ 222 3.750 0.026
Neutrophil % 59.53 + 18.79 50.54 + 19.05 50.54 + 11.87 2.222 0.113
Basophil % 127+1.85 1.16+0.99 1.02+0.56 0.575 0.564
Monocyte % 447+ 1.76 513+ 2.79 5.03+2.30 0.417 0.660
Lymphocyte % 27.05+ 13.32 33.94+ 16.35 35.98 + 10.17 2.941 0.056
Repeated M easures
iNKT % 0.16 £ 0.02* 0.15+ 0.01** 0.10+ 0.01 7.994 0.001
Eosinophil % 4.73 £ 0.70* 4.86 + 0.40*** 2.74+£0.33 9.601 <0.001
Neutrophil % 57.95 + 3.46* 51.95+ 1.92 4855+ 1.57 3.355 0.038
Basophil % 0.96+0.13 1.09 + 0.07* 0.85+ 0.06 3.429 0.035
Monocyte % 5.23+0.25 5.23+0.25 4.60+0.20 1.928 0.149
Lymphocyte % 28.79+2.70 32.92 + 1.47 33.88+1.19 1.492 0.228

Figuresin table denote M + SD. ** p < 0.01, * p < 0.05 vs. the healthy control group.
iNKT = invariant natural killer T.
iNKT: TCR Va24Jal18" CD45", eosinophil: CCR3'CD66"CD45", neutrophil: CCR3'CD66'CDA45",
basophil: CCR3"CD66 CD45", monocyte: CD45'CD14°CD64", lymphocyte: CD45'CD14 CD64.



Table. S3. Stagesof T cell differentiation by acute asthma, stable asthma, and healthy control

Significance Tests

Acute Asthma Stable Asthma Healthy Control v

p
Basdline n=12 n=39 n =68
CM CDA4 T cdlls 39.57 (22.84-50.43)  45.93(13.30-69.87) 35.90 (14.55- 15.649 <0.001
55.60)
TECDAT cells 0.23(0.03-1.98) 0.68 (0.03-15.12) 0.75(0.16-7.35) 6.150 <0.001
CM CDS8T cdlls 21.34 (2.41-49.26) 49.16 (3.08-82.90) 27.09 (5.47- 28.994 <0.001
55.40)
TECDS8T cells 3.30(0.13-11.17) 4.28(0.01-17.96) 8.18(0.55-56.52) 16.914 <0.001
6 Month n=11 n=43 n =68
CM CDA4 T cdls 41.30(25.97-51.72)  37.33(22.39-63.32) 33.05 (8.82- 10.347 0.006
73.03)
TECDAT cédls 1.30(0.15-3.15) 0.59 (0.06-12.67) 0.39(0.08-3.59) 9.756 0.008
CM CDS8T cdlls 32.43 (10.68-75.17) 32.44 (3.72-77.07) 16.20 (0.23- 22.695 <0.001
61.13)
TECDS8T cells 5.18 (0.02-27.59) 3.30(0.13-23.99) 5.52(0.06-40.14) 1.473 0.479
12 Month n=9 n=41 n=68
CM CDA4 T cdlls 36.01 (22.91-50.53) 34.19(23.27-57.33) 31.37 (4.27- 6.662 0.036
78.57)
TECDAT cells 1.39 (0.05-8.96) 0.61 (0.09-14.87) 0.29(0.04-3.93) 11.064 0.004
CM CDS8 T cdlls 36.84 (11.81-78.75) 28.69 (5.56-82.48) 15.16 (0.38- 20.001 <0.001
44.77)
TECDST célls 11.97 (0.61-42.71) 4.32(0.33-29.57) 7.31(0.22-38.97) 2.948 0.229

Figures in table denote Median (range).
CM = central memory, TE = terminal effector.
Central memory CD4 T cells: CD62L+CD95+ (/CD4), Terminal effector CD4 T cells:

CD45RA+CD27-% (/CD4); Central memory CD8 T cells;: CD62L+CD95+ (/CD8), Terminal effector
CD8T cells: CD45RA+CD27-% (/CDS8).



Table. S4. Correlation of CMV 1gG with frequencies of Thl, Th2, and eosinophils and levels of
IgE

CMV IgG % Th1CDAT Cells % Th2CD4T Cells % Eosinophils IgE (pg/ml)
Acute Asthma
Spearman’s rho 0.073 0.169
p NA NA 0.805 0.504
n 14 18
StableAsthma
Spearman’s rho 0.724 -0.713 0.250 -0.114
p 0.008** 0.009** 0.154 0.514
n 12 12 34 35
Healthy Control
Spearman’s rho -0.018 -0.607 -0.056 0.015
p 0.953 0.028* 0.786 0.943

n 13 13 26 26




Table. S5. Absolute values of cluster centers of each parameter in cluster analysis

Cluster Center Cluster Center
Cluster 1 Cluster 2 Cluster 1 Cluster 2

Eosinophil % 8.90 0.07 %CCR6-CXCR3+TFH 1.98 452
Neutrophil % 52.89 83.76 %CCR6+CXCR3+ TFH 0.08 0.05
) 20.84 4.38 %CCR6+CXCR3- TFH 0.42 1.79
ILC2 0.15 0.05 Th1/Th2 311 7.03
MFI GATA3/ILC2 1535.00 282.00 Th1/Thl7 3.08 2.44
MFI CCR4/ILC2 2094.00 1369.00 Th17/Th2 1.01 2.87
ap 75.26 94.07 Treg/Thl7 3.35 0.70
CD4 36.95 68.44 TECD4 1.22 0.03
CD8 34.68 21.05 CM CD4 48.35 50.43
CD4/CD8 1.07 3.25 TE CD8 0.94 4.96
Thl %CD4 8.19 8.36 CM CD8 42.71 10.06
Th2 %CD4 2.63 1.19 IgE (pg/ml) 2598.66 4309.76
MFI CCR4/Th2 4120.00 3170.00 CRP (ug/ml) 1.26 4.06
CRTH2+ Th2 10.50 7.07 IL-2 (pg/ml) 0.35 80.61
CRTH2- Th2 62.40 39.30 IL-25 (pg/ml) 0.12 1.07
Th17 %CD4 2.66 3.42 IL-6 (pg/ml) 0.05 5.17
MFI CCR4/Th17 2144.00 2010.00 IL-4 (pg/ml) 0.07 12.41
Th1-Thi7 0.48 2.55 IL-13 (pg/ml) 0.27 5.88
MFI CCR4/Th1-Th17 830.00 1202.00 IL-10 (pg/ml) 4.42 6.76
Treg %CD4 8.90 2.39 TSLP (pg/ml) 26.49 27.50
MFI FOXP3/Treg 2268.00 2068.00 ICS dose 2.00 3.00
MFI CTLA4/Treg 1520.00 3046.00 FVC Pred (%) 133.00 45.00
MFI CCR4/Treg 4077.00 4338.00 FEV1 Pred (%) 98.00 42.00
MFI CCR6/Treg 175.00 391.00 ACQ score 18.00 15.00
MFI CXCR3/Treg 173.00 1692.00 Number of asthma attack 36.00 5.00
MFI GATA3/Treg 360.00 224.00 Age of asthma onset 0.00 1.00
TFH %CD4 8.20 14.30

MFI = mean fluorescence intensity, TE = terminal effector, CM = central memory. ICS = inhaled
corticosteroids (3 = medium to high dose (=250 1 g/day), 2 = low dose (<250 pg/day), 1 = no use),
ACQ = asthma control questionnaire, FEV 1 Pred = forced expiratory volume in 1 second predicted,
FVC Pred = forced vital capacity predicted.



Table. S6. Summary of all stained antibodiesin this study

o Concentr I Concent
Antibodies Dyes Clone ation Company Antibodies Dyes Clone ration Company
Panel 1
CCR3 PE 5E8 1/100 BD Biosciences CD64 Pacific Blue 10.1 1/50 BioLegend
CD66b FITC G10F5 1/20 BioLegend CD45 PE/Cy7 HI30 1/20 BioLegend
V apha24J PerCP- 6B11 1/20 eBioscience CD14 APC/Cy7 HCD14 1/40 BioLegend
aphal8 TCR eFluor® 710
Aqua V500 - 1/200 Invitrogen
Panel 2
CD3 FITC UCHT1 1/20 BioLegend CD4 PE/cy7 OKT4 1/50 BioLegend
CD8 V500 RPA-T8 1/50 BD Biosciences CD27 BV650 L128 1/50 BD Biosciences
CD45RA eFluor 605NC HI100 1/100 eBioscience CD62L APClcy7 DREG-56 1/20 BioLegend
CD95 PE/cy5 DX2 1/100 BioLegend CD31 APC WM-59 1/100  eBioscience
TCR /3 PE Bl.1 1/50 eBioscience Aqua V500 - 1/200  Invitrogen
Panel 3
CD3 BUV395 UCHT1 1/100 BD Biosciences CD4 BV605 RPA-T4  1/100 BD Biosciences
CD8 BUV737 SK1 1/100 BD Biosciences CD25 PE/cy7 M-A251  1/20 BD Biosciences
CD127 BV510 HIL-7R- 1/100 BD Biosciences CCR4 BVv421 L291H4  1/100 BiolLegend
M21
CRTH2 FITC BM16 1/100 BioLegend CCR6 PE 11A9 1/50 BD Biosciences
CXCR3 BV650 G025H7 1/50 BioLegend CXCR5 PE DazzleRed J252D4  1/100  BiolLegend
CTLA-4 PerCP- 14D3 1/20 Lo FOXP3 A700 PCH101 1/20 eBioscience
eBioscience

eFluor® 710
GATA-3 eFluor® 660 TWAJ 1/20 eBioscience DAPI - 1/200  Invitrogen
Panel 4
CD3 BUV 395 UCHT1 1/100 BD Biosciences CD4 BUV661 SK3 1/100  BD Biosciences
CD14 BUV805 M5E2 1/100 BD Biosciences CD25 PE/cy7 M-A251  1/20 BD Biosciences
CD127 BUV543 HIL-7R- 1/100 Lo CCR4 BVv421 L291H4  1/100 BiolLegend

M21 BD Biosciences
CRTH2 FITC BM16 1/100 BioLegend CCR6 BUV737 11A9 1/100  BD Biosciences
CXCR3 BV650 GO025H7 1/100 BiolLegend CXCR5 BV605 J252D4  1/100  BiolLegend
CD57 PerCP/Cy5.5 HNK-1 1/100 BioLegend CD38 PE-Cy5 HIT2 1/50 BD Biosciences
CD9%4 BUV661 HP-3D9 1/100 BD Biosciences CD49d BV510 9F10 1/100  BiolLegend
CD56 BV570 HCD56 1/100 BiolLegend TCR-V7.2 BV711 3C10 1/100  BiolLegend
CD27 BV 750 L128 1/100 BD Biosciences CD45RO  BV786 UCHL1  1/100 BD Biosciences
CD161 APC-H7 HP3G10 1/100 BioLegend FOXP3 A700 PCH101 1/20 eBioscience
T-bet PE 4B10 1/100 BioLegend Helios PE-eF610 22F6 1/100  eBioscience
GATA-3 eFluor® 660 TWAJ 1/20 eBioscience LIVEblue BUV496 - 1/200  Invitrogen
Panel 5
CD3 BV650 UCHT1 1/100 BD Biosciences CD4 APC/H7 RPA/T4  1/100 BD Biosciences
CD15S V500 CSLEX1  1/100 BD Biosciences CD101 PE/cy7 BB27 1/100  BD Biosciences
CD25 BUV543 2A3 1/100 BD Biosciences CCR4 BVv421 L291H4  1/100 BiolLegend
FOXP3 A488 PCH101 1/50 eBioscience CCR6 BUV737 11A9 1/100  BD Biosciences
CXCR3 BV 786 GO025H7 1/100 BioLegend CCR10 BUV395 1B5 1/100  BD Biosciences
CD127 PerCP/Cy5.5 AOQ19D5  1/100 . CD39 PE MZz18- 1/100 . A
BioLegend 2308 Miltenyi Biotec

CTLA-4 APC BNI3 1/20 BD Biosciences Helios PE-eF610 22F6 1/100  eBioscience
LIVE blue BUV496 - 1/200 Invitrogen
Panel 6
CD3 APClcy7 SK7 1/100 BiolLegend CD4 PE/cy7 OKT4 1/100 BioLegend
CRTH2 FITC BM16 1/100 BioLegend CCR6 PE 11A9 1/50 BD Biosciences
CXCR5 PE Dazzle J252D4 1/100 . CXCR3 BV650 GO025H7 1/50 BioLegend

Red BioLegend
Aqua V500 - 1/200 Invitrogen
Panel 7
CD3 APClcy7 SK7 1/100 BioLegend CD4 PE/cy7 OKT4 1/100  BiolLegend
CRTH2 FITC BM16 1/100 BioLegend CCR6 PE 11A9 1/50 BD Biosciences
CCR4 BVv421 L291H4 1/100 BioLegend CD161 BV605 HP-3G10 1/100 BiolLegend
Aqua V500 - 1/200 Invitrogen
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