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1 | INTRODUCTION
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Abstract

Background: We previously showed that patients with severe allergic asthma have
high numbers of circulating ILC2s expressing CCR10.

Method: Herein, CCR10" ILC2s were further analyzed in the blood of healthy indi-
viduals or patients with allergic and non-allergic asthma. Characteristics of human
CCR10"* and CCR10™ ILC2s were assessed by flow cytometry as well as single-cell
multiplex RT-gPCR. The role of CCR10* ILC2s in asthma pathophysiology was stud-
ied in allergen-treated mice.

Results: When compared to healthy controls, CCR10* ILC2s are enriched in the blood
of both allergic and non-allergic severe asthmatic patients, and these cells are
recruited to the lungs. Plasma concentrations of the CCR10 ligand CCL27 are signifi-
cantly increased in severe asthmatics when compared to non-asthmatic patients.
CCR10" ILC2s secrete little T2 cytokines, but exhibit ILC1-like properties, including a
capacity to produce IFN-y. Also, single-cell analysis reveals that the CCR10" ILC2 sub-
set is enriched in cells expressing amphiregulin. CCR10* ILC2 depletion, as well as
blocking of IFN-y activity, exacerbates airway hyperreactivity in allergen-challenged
mice, providing evidence for a protective role of these cells in allergic inflammation.
Conclusions: Frequencies of circulating CCR10" ILC2s and CCL27 plasma concen-
trations represent candidate markers of asthma severity. The characterization of
CCR10" ILC2s in human samples and in mouse asthma models suggests that these

cells downregulate allergic inflammation through IFN-y production.

ILCs between non-allergic and allergic individuals.® Specifically, we
observed that frequencies of ILC2s expressing the CCR10 chemokine

Over the past few years, innate lymphoid cells (ILCs) have been identi-
fied as a new family of immune cells subdivided into three distinct
populations, including ILC1s, ILC2s, and ILC3s, based on their similari-
ties with Ty1, Tu2, and Ty17/T422 cells, respectively.! Growing evi-
dence supports a role for ILC2s in the pathophysiology of allergic
rhinitis and asthma. In this regard, we recently reported both quantita-

tive and qualitative differences in the regulation of circulating human

receptor are significantly increased in the blood of patients with sev-
ere allergic asthma. CCR10 has been previously shown to regulate the
migration of T cells?>® and ILCs*® to the skin, in both healthy subjects
and patients with psoriasis or atopic dermatitis. In line with these
observations, CCR10* ILCs were shown to promote regulatory and
effector T-cell homeostasis in the skin.® As of today, however, the role

of CCR10" ILC2s in the pathophysiology of asthma is unknown.
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GRAPHICAL ABSTRACT

Severe asthma
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In humans, CCR10 is highly expressed by blood ILC2s in severe asthmatic patients. CCR10* ILC2s secrete little TH2 cytokines, but exhibit
ILC1-like properties, including a capacity to produce IFN-y. T-bet expression is increased in CCR10" ILC2s when compared to CCR10™ ILC2s,

whereas GATA3 expression is reduced.

In this context, we performed a detailed characterization of
blood CCR10* ILC2s in a large cohort of allergic and non-allergic
asthmatic patients. Functional studies of this cell population were
also performed in allergen-challenged mice. Collectively, our results
establish that the frequency of CCR10" ILC2s in the blood increases
in relationship with asthma severity, irrespective of the allergic
status of the patients and further, that these cells migrate to the
lungs where they play a beneficial role in the control of allergic
inflammation.

2 | METHODS

2.1 | Human samples

Asthma status was defined according to the GINA guidelines.” Mild
asthma status corresponds to GINA step 1 to 2 and severe asthma
to GINA steps 4 to 5. The patients’ allergic rhinitis status was deter-
mined according to the ARIA guidelines, and IgE sensitization was
evaluated using ImmunoCAP assays for grass pollen, birch, ragweed,
and house dust mite allergens (Thermo Fisher Scientific, Uppsala,
Sweden). Blood samples were collected at the Bichat Claude Bernard
Hospital (Paris, France) after approval of the studies protocols (study
ref. #120147-30 and COBRA [Cohorte Obstruction BRonchique et
Asthme] cohort®) by a local ethical committee. Specifically, blood
from 24 non-allergic patients, including 14 patients exhibiting severe
non-allergic asthma (GINA>3), and 38 individuals with allergic rhinitis
(AR) without (n =10) or with mild (GINA<2, n = 16) or severe
asthma (GINA>3, n = 12) was analyzed (Table S2). Treatment with
inhaled corticosteroids was accepted for allergic patients as well as

oral or inhaled corticosteroid therapies for asthmatic subjects.

Patients with immune disorders, or treated by anti-IgEs or allergen
immunotherapy were excluded. Written informed consent was
obtained from all participants of these studies.

Alternatively, buffy coats from allergen-sensitized donors (Etab-
lissement Francais du Sang, Rungis, France) were used for innate
lymphoid cells (ILC) sorting and characterization. Allergen sensitiza-
tion was determined using the Allergenicity kit (Beckman Coulter,
Villepinte, France) as per manufacturer's instructions. Experiments
with human tissues were approved by the regional independent
ethics committee (Comité de Protection des Personnes ile de France
VI, Paris, France). Lung samples were obtained from 9 patients
undergoing surgical resection at the Foch Hospital (Suresnes, France)
for lung carcinoma who had not received preoperative anticancer
chemotherapy.”° Lung lysates were obtained after digestion with
collagenase D (Merck, Lyon, France) and filtration through a cell

strainer prior to immediate flow cytometry analysis.

2.2 | Analysis and sorting of human ILC2s

For surface phenotyping, ILC2s were stained with anti-CD45, anti-
CD127, anti-CD294 (CRTH2), anti-CCR10 antibodies and a lineage
cocktail comprising anti-CD3, anti-CD11c, anti-CD14, anti-CD16,
anti-CD20, anti-CD34, anti-CD56, anti-CD123, and anti-TCRa/p anti-
bodies (Table S3 and Figure S1A). The expression of various surface
markers was assessed by co-staining (see details in Table S3). The
expression of GATA3, RORyt and T-bet transcription factors was
monitored by flow cytometry using specific antibodies (Figure S1
and Table S3) and the Transcription Factor Staining Buffer Set (eBio-
science) according to the manufacturer's recommendations. Samples

were analyzed using an Attune NxT (Thermo Fisher) apparatus, and
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data interpreted using the FlowJo software (TreesStar, Ashland, OR,
USA).

Lineage-positive cells were depleted using the Lineage Cell Deple-
tion kit (Miltenyi Biotec, Bergisch Gladbach, Germany) and an Auto-
MACS Pro Separator apparatus following the manufacturer's
instructions. CCR10* or CCR10™ ILC2s (Lineage~ CD45" CD127*
CRTH2*) were then sorted using a FACSAria lll (BD Biosciences) appa-
ratus (Figure S1B). To assess the cytokine production of these cells,
3000 CCR10" or CCR10™ ILCs were cultivated for 5 days in presence
of IL-2 and IL-7 (20 ng/ml, R&D Systems, Lille, France). T2 cytokine
production was measured in the culture supernatant by ELISA while
IFN-y secretion was evaluated by intracellular staining of cytokine by
flow cytometry after PMA and ionomycin restimulation. Alternatively,
single-cell multiplex RT-quantitative PCR (qPCR) was performed to
compare the expression of genes (Table S1) between CCR10* and
CCR10™ ILC2s. We used a Fluidigm BioMark microfluidics-based RT-
gPCR system (Les Ulis, France) as previously described.!!

2.3 | Analysis of ILC2s in mice

BALB/c female mice (8-week-old) were obtained from Charles River
(L'Arbresle, France). The experimental protocol was approved by
Stallergenes Greer's (Antony, France) ethical committee. To analyze
CCR10" ILC2s in the lungs, mice were challenged with either 4 daily
intranasal administrations of a birch pollen extract (Stallergenes
Greer) equivalent to 250 pg of the birch pollen major allergen Bet v
1 per dose (Figure S5). Alternatively, to induce airway hyperreactiv-
ity, mice received 6 intranasal administrations of a birch pollen
extract equivalent to 500 pg Bet v 1 per dose (Figure S5). Measure-
ments of airway hyperreactivity were performed by whole-body
plethysmography (Buxco, Winchester, UK) after exposure to increas-
ing doses (ie, 0, 6.125, 12.5, 25, and 50 mg/mL) of methacholine
(Merck).*? For blocking antibody experiments, 50 ug of either anti-
CCL27 (clone 68623), anti-CCL28 (clone 134306), anti-IFN-y (clone
XMG1.2) antibodies, or an IgG2a control isotype (Clone 141945, all
from R&D Systems) were injected intraperitoneally 2 hours before
intranasal challenges. Lung homogenates were subsequently stained
with anti-CCR10, anti-CD25, anti-CD45, anti—-CD127, anti-ICOS, and
anti-ST2 antibodies as well as a lineage cocktail comprising both
anti-B220, anti-CD3g, anti-CD11b, anti-CD11c, anti-CD19, anti-
CDA45R, anti-Ly6C, anti-Ly6G, anti-NK1.1, and anti-Ter-119 antibod-
ies (Table S3). IFN-y production by mouse ILC2s was assessed with a
specific antibody (Table S3) by intracellular staining using the same
protocol as for human PBMCs.

24 |
blood

Measurement of immune mediators in the

CCL2 (MCP-1), CCL11 (eotaxin-1), CCL27, CCL28, and osteopontin
concentrations were determined using specific ELISA (R&D Systems
or R&D Systems and Novus Biologicals for CCL28). CCL28 and YKL-
40 were quantified by a human magnetic Luminex screening assay
(R&D Systems).

3 | RESULTS

3.1 | Frequencies of CCR10" ILC2s are elevated in
the blood of severe asthmatic patients, irrespective
of their allergic status

To better understand the role of CCR10* ILC2s in asthma, these
cells were quantified in PBMCs obtained from a cohort including 24
non-allergic individuals (out of which 14 had non-allergic severe
asthma [GINA>3]), as well as 38 patients with allergic rhinitis (AR)
either without (n = 10) or with mild (GINA<3, n = 16) or severe
asthma (GINA>3, n = 12). As described earlier,*® increased frequen-
cies of circulating ILC2s (Lineage™ CD45" CD127* CRTH2" cells)
were observed in asthmatic patients compared to non-asthmatics
subjects. Moreover, the frequencies of CCR10" cells among ILC2s
were dramatically augmented in blood samples from allergic patients
with severe asthma, when compared to non—allergic non-asthmatic
patients (with average percentages of positive cells of 24.9 and
5.4%, respectively, P < 0.0001) (Figure 1A,B). Surprisingly, non-aller-
gic patients with asthma also exhibited higher frequencies of
CCR10* cells among blood ILC2s (average percentages of 19.5%)
compared to non-asthmatic non-allergic individuals (Figure 1A,B).
These results demonstrate that the frequency of CCR10" ILC2s is
linked to asthma severity, irrespective of the allergic status of the
patients. Since CCR10 has been mainly described as a skin homing
receptor,’* we then investigated whether CCR10* ILC2s could also
be found in human lungs. Significant numbers of ILC2s were found
in healthy parts of lung parenchyma (retrieved from patients with
adenocarcinoma), with up to 40% of those cells expressing CCR10
(Figure 1C). Altogether, these results suggest that CCR10" ILC2s

may play a role in the pathophysiology of severe asthma.

3.2 | CCL27 plasma concentrations are correlated
to frequencies of circulating CCR10* ILC2s and
reflect asthma severity

To confirm the link between CCR10" ILC2s and asthma severity, we
measured plasma concentrations of CCR10 ligands, that is, CCL27 and
CCL28, in the same cohort of healthy and asthmatic patients. Whereas
we failed to detect any CCL28 in plasma (despite using three different
commercial ELISA or Luminex assays with a detection threshold of
8 pg/mL), CCL27 levels were significantly correlated (P = 0.0097) to
the expression of CCR10 by ILC2s (Figure 2A). Consequently, CCL27
plasma concentrations were higher in allergic patients with severe
asthma, when compared to healthy individuals. Similarly, non—allergic
asthmatic patients had significantly higher CCL27 levels than non-
asthmatic controls (Figure 2B). In this cohort of 62 subjects, CCL27
plasma concentrations also correlated with levels of several markers
associated with asthma severity,*>'? including eotaxin-1 (P = 0.045),
MCP-1 (P = 0.0067), (P=0.016), and YKL-40
(P = 0.0024) (Figure 2C). Noteworthy, we did not observe significant

correlations between CCL27 concentration and periostin or ECP con-

osteopontin

centrations (data not shown, ie, two other known asthma-related
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FIGURE 1 CCR10 expression by circulating ILC2s is increased in asthmatic patients in relationship with disease severity. CCR10 expression
by ILC2s (Lin~, CD45*, CD127*, CRTH2") was assessed by flow cytometry in PBMCs from non-allergic subjects without (w/o, n = 10) or with
severe asthma (n = 14), allergic rhinitis patients without (AR, n = 10) or with concomitant mild (n = 16) or severe (n = 12) asthma. A,
Representative dot plots of CCR10 expression by ILC2s are shown. B, Percentages of CCR10 expression by ILC2s are represented as box plots
and compared using Kruskal-Wallis test and Dunn's multiple comparisons, *P < 0.05, ***P < 0.001 and ****P < 0.0001. C, CCR10 expression
by ILC2s was assessed in lung cells from 9 patients. Representative dot plots are shown

markers2°). Altogether, both CCR10* ILC2 frequencies and CCL27
concentrations in the blood reflect asthma severity.

3.3 | Blockade of CCR10" ILC2 recruitment into the
lungs enhances airway hyperreactivity in allergen-
treated mice

We then assessed the presence of CCR10" ILC2s in the lungs of mice
following intranasal challenges performed on 4 consecutive days with
a birch pollen extract. In agreement with other studies,?* allergen chal-
lenges elicited a fivefold increase in total numbers of pulmonary ILC2s

(Lineage™ CD45" CD127" CD25"* ST2* ICOS™) at day 5 (Figure 3A).
More than 20% of these cells in asthmatic animals express CCR10,
whereas in contrast, this marker is not expressed by pulmonary ILC2s
isolated from naive mice (Figure 3B,C). To investigate the potential
contribution of CCR10" ILC2s to airway inflammation following pollen
challenge, antibodies specific for CCL27 or CCL28 were administered
before each of 6 birch pollen extract challenges to prevent the engage-
ment of CCR10. Intraperitoneal injections of a combination of anti-
CCL27 and anti-CCL28 antibodies completely abolished the presence
of CCR10" ILC2s in the lungs (Figure 3D) with no significant impact
on CCR10™ ILC2 frequencies (Figure S1A). Of note, frequencies of T
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FIGURE 2 Plasma CCL27
concentrations in patients are correlated to
CCR10 expression by ILC2s and asthma
severity. A, Spearman correlation between
CCR10 expression by blood ILC2s and
plasma CCL27 concentration in 10 non-
allergic subjects without asthma, 12 non-
allergic subjects with severe asthma, 10
allergic patients without asthma, 15 allergic
patients with mild asthma, and 9 with
severe asthma. B, CCL27 plasma
concentrations of the same group of
patients are represented using box plots
and compared with the Kruskal-Wallis test
and Dunn's multiple comparison test. C,
Spearman correlations between plasma
CCL27 concentration and eotaxin-1, MCP-
1, osteopontin, and YKL-40 concentrations
in plasma samples from 56 asthmatic or
non-asthmatic subjects, *P < 0.05,

*#P < 0.01

cells, B cells, eosinophils, neutrophils, monocytes, or macrophages
were not altered in this experiment (data not shown). Intriguingly,
blocking CCL27 and CCL28 in birch pollen-challenged mice resulted in

a significant exacerbation of the airway hyperreactivity, when com-
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Interestingly, the expression of several markers related to cell migra-
tion was markedly different between circulating CCR10* and
CCR10™ ILC2s obtained from allergen-sensitized subjects. CCR10*
ILC2s express higher levels of CCR8 and CLA but exhibit a lower

pared to mice treated with either PBS (Figure 3E) or isotype controls
(Figure S1B,C). Collectively, these data suggest that CCR10" ILC2s are

recruited to the lungs and may help to reduce allergen-induced airway

inflammation.

34 | CCR10" ILC2s from allergen-sensitized

subjects exhibit ILC1-like properties

To further investigate how CCR10" ILC2s could downregulate air-
way inflammation, we first studied the surface expression of a panel

of chemokine receptors and activation markers by these cells.

expression of CD49d compared to their negative counterparts (Fig-
ure 4A). Also, the expression of the inhibitory molecules CTLA-4 and
PD-L1 is higher in CCR10"* ILC2s, while the activation markers CD25
or KLRG1 are rather down-regulated at the surface of these cells
compared to CCR10™ ILC2s (Figure 4A). Together, these phenotypic
differences reveal a low activation status for CCR10" ILC2s and raise
the hypothesis of potentially distinct migratory capacities for this cell
population relative to CCR10™ ILC2s. Noteworthy, no significant dif-
ferences in the expression of other markers (ie, CCR3, CCR4, CCR5,
CCR6, CCR7, CXCR3, CD40, GITR, ICOS, ICOS-L, LAP, and TGF-BR)
were observed between CCR10* and CCR10™ ILC2s (Figure S2).
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FIGURE 3 Anti-CCL27 and anti-CCL28
antibodies inhibit the recruitment of

CCR10" ILC2s in the lungs of allergen-
challenged mice. Mice were challenged
with a birch pollen (BP) extract intranasally
on 4 consecutive days. (A) Frequencies of
ILC2s (Lin~ CD45* CD127* ST2* CD25"
ICOS" cells) among 10* CD45" cells from
the lungs and (B) percentages of CCR10
expression by lung ILC2s in naive and BP-
challenged mice assessed by flow
cytometry. Results are represented as box
plots and compared using Mann-Whitney
tests (n = 9 for naive mice and n = 12 for
challenged ones). (C) Representative flow
cytometry dot plots of CCR10 expression
by ILC2s in mouse lungs. (D) Analysis by
flow cytometry of CCR10" ILC2s in lungs
of birch pollen-challenged mice treated
with anti-CCL27 and anti-CCL28
antibodies. Box plots representing CCR10*
ILC2 frequencies among 10* CD45* cells
and percentages of CCR10 expression are
shown. Kruskal-Wallis tests were used for
statistical analyses. (E) Airway
hyperreactivity was assessed in birch
pollen-challenged mice treated or not with
anti-CCL27 and anti-CCL28 by whole-body
plethysmography in response to increasing
methacholine doses and expressed as Penh
index values, represented as mean + SEM.
Two-way ANOVA was used for statistical
analysis (n = 12 per group). *P < 0.05,

*xP < 0.01, *#*P < 0.001, and

*%
*kkk
]*

50

(A) (B)
50 &k kk 40 *kkk
) —— @
3 40 3 30 —T—
O 30 o
) S 2
20 P
8 8 10
-1 10 I |
| == R | —— ¥
0 T T 0 u T
.2 o 2 o
< & > &
<~ & < P
& &
© Naive mice BP extract-
challenged mice
] ] 2% [ 21%
(S
7]
w Ll T T T T
CCR10 >
(D) (E)
tn 8- R - S ) 151w BP extract + a-CCL27/a-CCL28
3 -o- BP extract
O | « |+ PBS
=) @ 104
5 4 -
% g
(8} 24 o ]
3 T
£ 0L et : = 0
S @ ] 0 10 20 30 40
2 = 3 Methacholine (mg/ml)
3
~
(3]
-
O
Q
3

BP extract + ...

We then evaluated the expression of the transcription factors
GATAS3, RORyt and T-bet by flow cytometry in human circulating
CCR10* and CCR10™ ILC2s. T-bet expression was increased in
CCR10" ILC2s when compared to CCR10™ ILC2s, whereas GATA3
expression was rather reduced (Figure 4B). RORyt expression was not
CCR10* and CCR10™ ILC2s
(Figure S4B). When assessing the production of cytokines following

significantly different between
cell sorting (Figure S1B) and in vitro culture, we observed that CCR10*
ILC2s produce very little IL-5 and IL—13 compared to CCR10™ ILC2s
(Figure 4C). Following PMA/ionomycin restimulation, the percentages
of circulating ILC2s producing IFN-y, assessed by flow cytometry, were
significantly higher (P = 0.0026) in the CCR10" subset (Figure 4D).

In further experiments, the expression of selected genes
(Table S1) was analyzed by single-cell multiplex RT-gPCR in sorted

CCR10* and CCR10™ ILC2s from allergen-sensitized patients. We

wkkP < 0,0001 [Colour figure can be
viewed at wileyonlinelibrary.com]

confirmed that the expression of chemokine receptors was differen-
tially regulated between the two subsets (Table 1). Specifically, while
CCR3 is the most abundant chemokine receptor in both subsets,
CCR6, CCR4, and CCR2 are expressed by more than half of ILC2s
from the CCR10™ subset. In contrast, CCR2 is expressed by 38% and
CCRé6 and CCR4 by only one-third of CCR10" ILC2s. Interestingly,
cells expressing the amphiregulin (a member of the epidermal growth
factor family??) gene AREG are more frequent within the CCR10*
subset (Table 1). In contrast, AHR and ID2 genes (two transcriptional

2324 are little

regulators important for the development of ILCs
expressed by CCR10* ILC2s. Furthermore, the gene coding for the
interferon alpha and beta receptor subunit 1 (IFNAR1) is exclusively
expressed by ILC2s belonging to the CCR2™ subset. Multiplex RT-
gPCR performed on 50 cells from each of CCR10* and CCR10~ sub-

sets confirmed that differences in gene expression observed at the
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FIGURE 4 CCR10" ILC2s from allergen-sensitized subjects exhibit an ILC1-like profile. (A) Expression of CCR8, CD25, CD49d, CLA, CTLA4,
KLRG1, and PD-L1 on CCR10* or CCR10™ ILC2s was assessed by flow cytometry in PBMCs from eight allergen-sensitized donors. (B) T-bet
and GATA3 expression by human blood CCR10* and CCR10~ ILC2s was determined by intranuclear staining (n = 6). (C) Human CCR10* and
CCR10™ ILC2s sorted from PBMCs were cultivated for 5 days with IL-2 and IL-7. IL-5 and IL-13 concentrations were assessed in culture
supernatants (n = 6). (D) IFN-y production by human ILC2s from PBMCs was measured by intracytoplasmic staining of cytokines following
PMAvionomycin restimulation (n = 15). (E) mRNA levels relative to GAPDH assessed by multiplex RT-gPCR in 50 CCR10™ ILC2s and 50
CCR10" ILC2s from allergen-sensitized subjects (n.d.: not detected). (F) Expression of CD25 and (G) production of IFN-y by CCR10"* and
CCR10™ ILC2s from human lungs was measured by flow cytometry (n = 9). Data are expressed as mean + SEM or box plots, and Wilcoxon
tests were used to compare CCR10" from CCR10™ ILC2s. *P < 0.05 and **P < 0.01

single-cell level are representative of global subset compositions,
with, for example, evidence that the C-type lectin CLEC4 gene is not
expressed by CCR10" ILC2s, whereas conversely CCR7, CCRY, and
CYLTR1 (cysteinyl leukotriene receptor 1) genes are preferentially
expressed by the CCR10™ subset (Figure 4E). These results (Table 1

and Figure 4E) unambiguously highlight the significant phenotypic
differences between CCR10" and CCR10™ ILC2s, suggesting dramat-
ically distinct functional properties for those two subsets.

We subsequently compared the phenotype and function of
CCR10* and CCR10™ ILC2s from human lungs using post-surgical
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TABLE 1 Single-cell multiplexed RT-qPCR of CCR10* and
CCR10™ ILC2s

CCR10- ILC2s CCR10+ ILC2s
AHR 78 50
AREG 11 25
CCR2 56 38
CCR3 89 63
CCR4 56 25
CCR6 67 25
ID2 44 13
IFNAR1 22 0

Gene expression was quantified by multiplex RT-gPCR in blood CCR10*
and CCR10™ ILC2s at the single-cell level using microfluidic chips. The
frequency of gene expression is calculated by taking into account the
expression/non-expression by individual single ILC2 from CCR10" or
CCR10™ subsets.

tissues obtained from cancer patients. CCR10* ILC2s in the lungs
exhibit a slightly different phenotype than the ones in the blood.
Specifically, 64% of CCR10" ILC2s in the lungs express the activa-
tion marker CD25, compared to only 26% of those cells in the blood
(Figure 4F, to be compared to Figure 4A). Nonetheless, lung CCR10*
ILC2s still display ILC1-like properties with even higher levels of
IFN-y produced when compared to CCR10™ ILC2s (Figure 4G). Alto-
gether, these results suggest that CCR10"* ILC2s exhibiting ILC1-like

features are recruited to the lungs.

3.5 | IFN—y production by CCR10" ILC2s
contributes to the control of airway
hyperresponsiveness in allergen-challenged mice

We confirmed that, as for their human counterparts, lung CCR10*
ILC2s from mice challenged with a birch pollen extract produce higher
levels of IFN-y compared to the CCR10™ subset, following PMA and
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ionomycin restimulation (Figure 5A). To determine whether the pro-
duction of IFN—y contributes to the beneficial role of CCR10" ILC2s
on airway hyperreactivity (Figure 3E), we blocked the biological activ-
ity of this cytokine using an anti-IFN-y antibody administered to mice
before their exposure to the birch pollen extract. The airway hyperre-
activity was significantly increased in mice treated with anti-IFN-y
compared to untreated mice challenged with the birch pollen extract
only (Figure 5B), confirming that IFN-y produced by cells such as
CCR10" ILC2s have a beneficial effect on lung inflammation in aller-

gen-challenged mice.

4 | DISCUSSION

The role of recently described ILCs, and more particularly of the
ILC2 subset, in the pathophysiology of allergic diseases remains to
be fully documented. Murine models have confirmed that ILC2s rep-

resent a major source of type 2 cytokines in the lungs?%?°

and, as
such, can promote airway inflammation and asthma.?® In humans,
indirect evidence supports a contribution of ILC2s to allergen-driven
inflammation, with the observation that such cells are overrepre-
sented in the blood, sputum, and BALs of asthmatic patients.'272®
However, ILC2s are also present in the blood of non-allergic individ-
uals, although with phenotypic and functional differences from their
counterparts in allergic individuals. In particular, we recently reported
that blood ILC2s from allergic asthmatic patients upregulate CCR10
expression in comparison with ILC2s from healthy subjects. In this
context, we investigated in the present study the role of CCR10"
ILC2s in asthma.

Herein, we confirmed and extended our previous observation
that CCR10 expression by circulating ILC2s is significantly increased
in asthmatic subjects in relationship with disease severity. Surpris-
ingly, frequencies of circulating CCR10" ILC2s are also increased in

non-allergic asthmatic patients, although additional investigations
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FIGURE 5 IFN-y-producing ILC2s contribute to the control of airway hyperreactivity in allergen-challenged mice. A, Production of IFN-y by
CCR10* and CCR10™ ILC2s from lungs of birch pollen-treated mice assessed by flow cytometry following PMA/ionomycin restimulation

(n = 6). B, In response to increasing doses of methacholine, airway hyperreactivity was assessed by whole-body plethysmography in birch
pollen-challenged mice treated or not with anti-IFN-y prior to allergen challenges. Results are expressed as Penh index and represented as
mean + SEM (n = 12 per group). Wilcoxon tests or 2-way ANOVA was used for statistical analysis. *P < 0.05, **P < 0.01 and ****P < 0.0001
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will be needed to assess whether these cells exhibit similar or dis-
tinct functional properties in the latter condition. We demonstrated
as well that CCR10* ILC2s could be recruited to the lungs, based
on the observations that (a) significant numbers of these cells are
found in human lungs and (b) intranasal birch pollen extract chal-
lenges in mice rapidly result in increased numbers of CCR10" ILC2s
in the lungs. This dramatic increase (up to 50-fold, Figure 3B) of
CCR10* ILC2 numbers in the lungs of animals challenged with a
birch pollen extract on 4 consecutive days suggests that these cells
are mostly recruited from the blood. Our gene expression analyses
confirmed that CCR10" and CCR10™ ILC2s exhibit different chemo-
kine receptors. However, in light of the complete abrogation of
ILC2 recruitment in mice by anti-CCL27 and anti-CCL28 antibodies,
we conclude that CCR10 plays a major role in the migration of
ILC2s to the lungs in response to these two chemokines. Surpris-
ingly, inhibiting the recruitment of CCR10" ILC2s into the lungs
results in a higher airway hyperreactivity, leading to the hypothesis
that CCR10" ILC2s mediate a beneficial role in downregulating air-
way inflammation.

Although the pro-inflammatory function of ILC2s is well docu-
mented, there is growing evidence that such cells can mediate as
well a positive role in health and disease, for example, by contribut-

Y maintaining mucosal integrity®® or pro-

ing to helminth clearance,?
moting adipose tissue browning.3! To further understand the
functional properties of CCR10" ILC2s, we studied these cells in
both the blood and lungs of patients. Blood CCR10" ILC2 cells are
less activated and express higher levels of co-inhibitory molecules
(ie, CTLA-4 and PD-L1) than their CCR10™ counterparts. Interest-
ingly, skin CCR10" ILCs were also shown by others to express PD-
L1 and to promote Treg induction and homeostasis.® Consistent with
this, our single-cell multiplex RT-gPCR analysis revealed that the
CCR10" ILC2 subset is enriched in cells expressing the amphiregulin
gene, a protein able to promote tissue repair and regulatory T-cell
function.?? The single-cell multiplex RT-gPCR also revealed that the
IFNAR1 gene, which encodes a subunit of a receptor for type | inter-
ferons, is exclusively expressed by the CCR10™ subset. Thus, in light
of two recent reports that type | interferons regulate cytokine pro-
duction by mouse and human ILC2s3%32 differences in response to
type | interferons could possibly lead to distinct functional programs
in CCR10™ and CCR10" ILC2s.

Although the existence of a regulatory subset of ILCs (ILCregs)

d, 343> we failed to detect

secreting IL-10 has been recently reporte
any significant IL-10 production by circulating CCR10* ILC2s (data
not shown). The latter rather exhibit ILC1-like properties, including a
high T-bet expression, a capacity to produce IFN-y, but only very lit-
tle Ty2 cytokines. These results are in agreement with the observa-
tion made by others that lung ILC2s expressing T-bet are present in
the airways in a murine model of eosinophilic airway inflammation
induced by 1L-33.2¢ Using antibody inhibition, we confirmed in our
murine model that IFN-y directly contributes to the control of lung
inflammation in allergen-challenged mice. Although CCR10* ILC2s
may not be the only source of IFN-y in this model, our allergic
asthma protocol relying upon 6 daily administrations of birch pollen

extract likely involves predominantly ILCs. Noteworthy, we did not
observe any impact of CCR10" ILC2 recruitment on eosinophil and
neutrophil infiltrates, nor on T2 cytokine production. Thus, the
exact mechanism of action by which CCR10* ILC2s reduce allergic
inflammation remains to be clarified. Nonetheless, the hypothesis
that T-bet* IFN-y-producing-CCR10" ILC2s have a protective role in
asthma is consistent with the known antagonistic effect of IFN-y

37:38 as well as with recent evidence that

/-

against allergic inflammation
lung inflammation is exacerbated in T-bet™~ mice.3¢ Several reports
have documented the plasticity of ILC2s, based on their capacity to
acquire an ILC1%%#! or ILC3*? phenotype. Given their T-bet expres-
sion and low expression of GATA3 and RORyt, CCR10" ILC2s could
represent a subset of ILC2s prone to differentiate into ILC1s. The
presence of higher numbers of such CCR10* ILC2s in the blood of
severe asthmatic individuals raises the possibility that these cells are
expanded as a counter-regulatory mechanism in the context of sev-
ere inflammation.

We also established that plasma concentrations of the CCR10
ligand, CCL27, are closely related to the expression of CCR10 by
blood ILC2s, thus representing a candidate marker of asthma sever-
ity. In support of this, CCL27 concentrations in the blood are corre-
lated as well to various markers of T2 response (Eotaxin-1)*® and/or
severe asthma (YKL-40).2° Together with previous reports docu-
menting that CCL27 blood levels are higher in patients with either
poorly controlled asthma,?® psoriasis, or atopic dermatitis,***” this
suggests that this chemokine is upregulated in association with vari-
ous chronic inflammatory conditions.

Overall, the present study suggests a beneficial role of ILC1-like
CCR10" ILC2s in controlling allergic asthma inflammation. In addi-
tion, frequencies of circulating CCR10* ILC2s as well as CCL27
plasma levels appear to represent new candidate biomarkers for
asthma severity, to be validated in larger cohorts of patients.
Future studies should assess as to whether CCL27, alone or in
combination with other markers, can improve the stratification and
treatment of severe asthmatic patients. We propose that therapies
aiming at recruiting CCR10* ILC2s in the lungs should be consid-
ered in the management of severe inflammatory conditions of the

airways.
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I Isotype control
[ Surface marker antibody

CCR10~ILC2

5.42%|" 98.5% | 0.1% - 0.42%

—> CCR3 —>CCR5 —> CCR6 —> CCR7 —> CXCR3

CCR10*ILC2
6.4% |~

1.16% | 84.3% 9.88%

!
v y
) [
4 T o T T T
.

—> CCR4 —>CCR5 =~ —>CCR6

10° 10* 5 5

=S5 CXCR3

—> CCR7

—> CCR3

CCR10™ILC2

86.6% 8.2% |' 48.8%
80 80 80
60 60 60
20 20 20
0 (] )

ot a® 1w o1t w0t

—> 1C0S —> 1COS-L = LAP
CCR10*ILC2

w0 ot w® 10 10' 10’

—> TGF-PR

68% | 6.25% | 16.7% | " 57.8%

v s
HIJ |E‘ |ﬂ5 1 ms ﬂl9 ﬂls

—>icos  —=>Icosl - AP —> TGF-BR



Supplementary Figure 3.

A.

-
g 40
@ NS
g‘ 30
‘W
[
E 20
3 [
w 104
[w]
ar —
— 0 I| L r | |
58
S © &
v v
W < W
S Q
N N
- Q-
cP c,°
AN
Control
isotype
= |LC1
- ILC2
5 I
8 ILC3
M
e T T T e -.ilu-q YT Tr T 0 gt —r—r e —rrrrr T
o 10¢ 10d 1t 1o o 108 1 1t 1o o 10 w0 1wt 1®

Tbet > GATA3 — 5> RORyt >




Supplementary Figure 4.
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Supplementary Table 1.

Gene |Primer reference Gene |Primer reference
ACTB | Hs99999903_m1 IL12RB1| Hs01106578 m1
AHR Hs00169233_m1 IL13 | Hs00174379_m1l
AREG | Hs00950669_m1 IL17A |Hs00174383_ml1
ARGl | Hs00163660 _m1 ILL7F [ Hs01028648 ml
CCL11 | Hs00237013_m1l IL17RB | Hs00218889 _m1
CCL2 [Hs00234140 m1l IL18R1 [Hs00977691 m1l
CCL27 | Hs00171157_m1l IL1B [ Hs01555410 ml
CCL28 [ Hs00219797 m1l ILIR1 [ Hs00991010 ml
CCR1 Hs00928897_s1 ILAIRL1 | Hs00249384 m1
CCR10 | Hs00706455 s1 IL2 Hs00174114 m1l
CCR2 Hs00704702_s1 IL21 | Hs00222327_m1
CCR3 Hs00266213_s1 IL22 | Hs01574154 m1
CCR4 Hs00747615_s1 IL25 | Hs03044841 m1l
CCR5 Hs99999149 sl IL27RA | Hs00945029 _m1
CCR6 Hs01890706_s1 IL2ZRA | Hs00907777_m1
CCR7 [ Hs01013469_m1 IL3 Hs00174117_m1
CCR8 | Hs00174764_m1 IL33 | Hs00369211 m1l
CCR9 Hs01890924 sl IL4 Hs00174122_m1l
CD1D Hs00939886_g1 IL5 Hs01548712 gl
CD27 Hs00609654_gl IL6 Hs00174131 m1l
CD86 | Hs01567026_m1 IL7R | Hs00902334 m1
CLA Hs04276253_m1l IL8 [Hs00174103_m1l
CLEC4A [ Hs01087625_m1 IL9 |Hs00174125_ml
CRTH2 | Hs01867513 sl ILOR | Hs01108522_m1
CTLA4 [Hs00175480_ml JUN Hs01103582_s1
CYSLTR1 | Hs00272624 sl KLRG1 [ Hs00195153 m1l
DR3 Hs00600930_g1 LIF |Hs01055668_m1l
F2RL1 | Hs00608346_m1 LTA Hs04188773 gl
FCGR3A | Hs02388314 m1 NCAM1 [ Hs00941830_m1
FOS Hs04194186_s1 NCR1 | Hs00183118 ml
FOSB | Hs00171851_m1l NCR2 | Hs00183113 m1l
FOXP3 | Hs01085834_m1 NKG7 | Hs01120688_gl1
GAPH | Hs99999905 m1 OX40L | Hs01911853 s1
GATA3 | Hs00231122 m1l PD1 | Hs01550088_m1l
GILZ Hs00608272_m1 PDL1 | Hs00204257_m1
GMCSF | Hs00929873_m1 PDL2 | Hs00228839_m1
HLADRB1|Hs04192464 mH RORC | Hs01076112 m1l
HPRT1 | Hs99999909_m1l RUNX3 | Hs01091094 m1
ICOS Hs00359999 m1l SOCS1 | Hs00705164_s1
ICOSL [ Hs00323621_ml TBX21 | Hs00894392_m1
ID2 Hs04187239 ml TGFB1 | Hs00998133 m1
IFNAR1 | Hs01066116_m1 TGFBR2 [ Hs00234253_m1
IFNG [ Hs00989291 m1l TLR4 [ Hs00152939 ml
IFNGR1 | Hs00988304_m1 TNFA [Hs00174128 ml
IL10 Hs00961622_ml TSLP | Hs00263639 _m1
ILIOR | Hs00155485_m1 TSLPR | Hs00845692_m1
IL12A | Hs01073447_m1




Supplementary Table 2.

% of Eosinophils
Female Total IgE
# Male / Age uncotrolled FEV1 % (Ul /mlg.) count
asthma (cells/pl)
. . w/o asthma 10 5/5 28 N/A 107,2 67,7 N/A
Non-allergic subjects -

with severe asthma 14 8/6 54 57,1% 75,1 269,9 320,7
Allergic_ patients w/o asthma 10 3/7 28 N/A 107,3 181,8 N/A
rhinoconjunctivitis with mild asthma 16 7/9 55 37,5% 97,9 261,2 N/A
patients  \yith severe asthma 12 6/6 49 91,7% 64,3 437,6 220



Supplementary Table 3.

Anti-human antibodies

Anti-mouse antibodies

Specificity |[Fluorochrome |Clone Vendor Specificity |Fluorochrome |Clone Vendor
CCR3 BV605 5E8 BD horizon | |[CCR3 FITC 83101 Bio-Techne
CCR4 Pe-Cy7 161 BD horizon | |CCR10 PE 248918 Bio-Techne
CCR4 Pe-Dazzle L29H4 Biolegend CD3e BVv450 500A3 BD horizon
CCR5 BV711 2D7 BD horizon | |CD4 Pe-Cy7 GK1.5 eBioscience
CCRS6 BB515 11A9 BD horizon | |CD8 APC 53.6.7 eBioscience
CCR7 BV786 3D12 BD horizon |[|CD11b BVv450 M1/70 BD horizon
CCRS8 PE 226368 Biolegend CD11b PerCP-Cy5.5 M1/70 BD horizon
CCR10 APC 314305 Bio-Techne | |CD11c BV421 HL3 BD horizon
CD3 Viogreen BW264/56  |Miltenyi CD19 BV421 1D3 BD horizon
CD11c BV510 B-ly6 BD horizon | |CD19 APC-Cy7 1D3 BD horizon
CD14 Viogreen TUK4 Miltenyi CD25 BV510 PC61 BD horizon
CD16 Viogreen VEP13 Miltenyi CD45 APC-Cy7 30F11 BD pharma
CD20 Viogreen LT20 Miltenyi CD45 V500 30F11 BD pharma
CD25 PE 3G10 Miltenyi CD45R.B220 |BV421 RA3.56B2 |BD horizon
CD27 PE L128 BD horizon | |CD127 Pe-Cy7 ebioSB/199 |eBioscience
CD34 BV510 581 Biolegend GR1 Pe-Cy7 RB6-8C5 |BD pharma
CD45 FITC 5B1 Miltenyi ICOS BB515 7E.17G9 BD horizon
CD49d BB515 9F10 BD horizon | IFN-y APC XMG1.3 eBioscience
CD56 APC-H7 CMSSB eBioscience | Ly6G and C |BV421 RB68C5 BD horizon
CD117 BV421 YB5.B8 BD horizon | [MHC Class Il |[FITC M5/114.15.2|eBioscience
CD123 BV510 9F5 BD horizon | [NK1.1 BV450 PK136 BD horizon
CD127 PE MB15-18C9 |Miletnyi ST2 PerCP-efluor710 PMST2.2  |eBioscience
CD127 PE-vio770 MB15-18C9 |Miltenyi Ter 119 BV421 Ter119 BD horizon
CLA PE HECA452 BD pharma

CRTH2 PerCP-Cy5.5 |BM16 BD horizon

CXCR3 AF700 2C6 BD horizon

GATA3 PE TWAJ eBioscience

HLA-DR |PE LN3 eBioscience

ICOS PE C398.4A Biolegend

ICOSL PE 9F.8A4 Biolegend

IFN-y FITC B27 BD pharma

KI-67 PerCP-Cy5.5 |5B6 BD pharma

KLRG1 FITC REA261 Miltenyi

LAP PE TW42F8 BD horizon

ROR-yt PE Q21-559 BD pharma

Thet PE ebio4B10 eBioscience

TCRab BV510 T10B9.1A-31 | BD horizon

TGFBRIl  |AF700 FAB2411N |Bio-Techne
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