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Abstract

Objectives. Innate lymphoid cells (ILCs) secrete cytokines, such as
IFN-y, IL-13 and IL-17, which are linked to chronic obstructive
pulmonary disease (COPD). Here, we investigated the role of
pulmonary ILCs in COPD pathogenesis. Methods. Lung ILC subsets in
COPD and control subjects were quantified using flow cytometry
and associated with clinical parameters. Tissue localisation of ILC
and T-cell subsets was determined by immunohistochemistry. Mice
were exposed to air or cigarette smoke (CS) for 1, 4 or 24 weeks to
investigate whether pulmonary ILC numbers and activation are
altered and whether they contribute to CS-induced innate
inflammatory responses. Results. Quantification of lung ILC subsets
demonstrated that ILC1 frequency in the total ILC population was
elevated in COPD and was associated with smoking and severity of
respiratory symptoms (COPD Assessment Test [CAT] score). All three
ILC subsets localised near lymphoid aggregates in COPD. In the
COPD mouse model, CS exposure in C57BL/6J mice increased ILC
numbers at all time points, with relative increases in ILC1 in
bronchoalveolar lavage (BAL) fluid. Importantly, CS exposure
induced increases in neutrophils, monocytes and dendritic cells that
remained elevated in Rag2/ll2rg-deficient mice that lack adaptive
immune cells and ILCs. However, CS-induced CXCL1, IL-6, TNF-o. and
IFN-y levels were reduced by ILC deficiency. Conclusion. The ILC1
subset is increased in COPD patients and correlates with smoking
and severity of respiratory symptoms. ILCs also increase upon CS
exposure in C57BL/6J mice. In the absence of adaptive immunity,
ILCs contribute to CS-induced pro-inflammatory mediator release,
but are redundant in CS-induced innate inflammation.
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INTRODUCTION

Innate lymphoid cells (ILCs) are relatively rare,
tissue-resident cells that make up the first line of
defence at the mucosal barrier surface of the
lung. ILCs are activated by epithelial and myeloid
cell-derived cytokines and alarmins, leading to the
production of effector cytokines that modulate
immune responses. ILCs do not express rearranged
antigen-specific receptors, which make fast
expansion and activation possible.” Three non-
cytotoxic subsets can be distinguished, which
parallel T-helper cells regarding their transcription
factor and cytokine secretion. ILC1 expresses T-BET
and secretes IFN-y. ILC2 expresses GATA3 and
produces both IL-5 and IL-13. ILC3 expresses RORyt
and secretes both IL-17 and IL-22.>* These
cytokines have been associated with the
pathogenesis of chronic obstructive pulmonary
disease (COPD), which is characterised by
abnormal chronic inflammatory responses to
inhaled noxious particles and gasses.>® IFN-y
contributes to the activation of alveolar
macrophages, and IFN-y'CD8" cells positively
correlate with disease severity.”® In stable COPD
patients with an eosinophilic phenotype, sputum
IL-5 concentrations are increased and associated
with the degree of eosinophilia.® High levels of IL-
13 are found in serum of patients suffering from
an acute exacerbation of COPD."® IL-17A is
involved in the recruitment of neutrophils and the
formation of lymphoid follicles in COPD.""'? |L-22
mRNA and protein levels are increased in COPD
patients, and IL-22-deficient (7/7) mice have
reduced numbers of CS-induced pulmonary
neutrophils and do not show CS-induced alveolar
enlargement and airway remodelling."?

We previously characterised the different ILC
subsets in the human lung." Others have
demonstrated increases in ILC1 frequency in the
lungs of severe COPD patients compared to
healthy subjects or those with mild-to-moderate
COPD," and increased circulating IFN-y-producing
ILC1 in subjects with severe COPD.'® To what
extent specific ILC subsets in the human lung are
associated with clinical parameters of COPD has
not been investigated. Moreover, localisation of
all three ILC subsets by immunohistochemistry
within the same human lung has not been
previously assessed.

In mice, it has been shown that cigarette smoke
(CS) exposure, an important causal factor for
COPD, can affect pulmonary ILC numbers,
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especially T-BET'ILC1 and RORyt'ILC3 subsets.'®"’
Whether CS exposure also affects the numbers of
cytokine-producing ILCs, which shows that ILCs
are activated, has not yet been studied. Using an
experimental model of COPD, we previously
demonstrated that CS-induced innate
inflammation (pulmonary macrophage, neutrophil
and dendritic cell influx) is still present in scid
mice, which lack B- and T-lymphocytes.'”® We
hypothesised that ILCs, as an important source of
IFN-y, IL-13 or IL-17, drive these CS-induced
inflammatory responses in the absence of an
adaptive immune system.

We assessed human pulmonary ILC subsets by
flow cytometry and immunohistochemistry in lung
tissue from well-characterised COPD patients and
control subjects. We also investigated whether
pulmonary ILC numbers and activation are altered
in our COPD mouse model and whether they
contribute to CS-induced innate inflammatory
responses.

RESULTS

Pulmonary ILC1 is elevated in COPD patients

To investigate the involvement of ILCs in COPD,
human pulmonary ILC frequencies were analysed
using flow cytometry of single-cell suspensions of
freshly isolated lung tissue from COPD patients
(n= 15) and control subjects (n = 9) (gating
strategy Figure 1a, Supplementary figures 1 and 2
for FMO controls). Subject characteristics are

shown in Table1. The frequency of
CD161"CD127°ILCs was similar in COPD and
control subjects (Figure 1b). However,

discrimination of the different ILC subsets within
the CD161°CD127"ILC population based on surface
marker expression showed that ILC1
(CRTH2 CD1177) was the dominant subset in
COPD. Moreover, ILC1 frequency differed
significantly among the groups (Kruskal-Wallis
P <0.05), and the mediantlQR showed a
numerical increase between never-smoking
controls, smoking controls (ex+current) and COPD
patients (Figure 1c, Supplementary table 1). In the
COPD group, no apparent differences in the
distribution of ILC subsets in ex- or current
smokers were detected (Supplementary figure 3a).
Notably, in this cohort, ILC1 frequencies from
COPD GOLD 1 subjects were relatively high, which
coincided with high number of pack-years.
Correlation analysis demonstrated a positive
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Figure 1. Quantification of pulmonary ILC in COPD patients and correlation with clinical parameters. For flow cytometric analysis, ILCs were
surface-stained and gated as live, CD45" lymphocytes that are Lin™(CD3, CD19, CD11¢, CD11b, CD1a, CD14, CD34, CD123, TCRap, TCRyS,
BDCA2, CD235A and FceR1) CD161"CD127". ILC subsets were further defined as CD117 CRTH2 CD56~ ILC1, CRTH2'ILC2 and
CD117"CRTH2"NKp44™~ILC3 (a, upper panel). For ILC labelling following 4h of stimulation: ILCs were gated as live, CD45" lymphocytes that
were Lin~(CD19, CD11¢, CD11b, CD1a, CD14, CD34, CD123, TCRup, TCRyS, BDCA2, CD235A and FceR1) CD3~CD1617, followed by defining
subsets as IFN-y"IL-177CD567ILC1, IFN-y7IL-177IL-137ILC2 and IFN-y~IL-17ILC3 (a, lower panel). Gates were set based on FMO controls (see
Supplementary figures 1 and 2). Percentage of CD161°CD127" ILC of CD45" live cells (b) and ILC subsets based on surface staining, expressed
as % of CD1617CD1277ILC (c). Bar graphs on (b), (c), (e) and (f) represent the median values per group; error bars represent the interquartile
range (IQR). Spearman’s correlation between % of ILC1 and FEV1/FVC%, %DLco, total CAT score and score on CAT question 4 (grade of
breathlessness when walking up hill or a flight of stairs) (d). Percentages of ILC subsets based on cytokine staining, expressed as the % of
CD1617 ILC (e). Percentage of Lin"CD56~CD3" lymphocyte subsets based on cytokine staining, expressed as the % of CD45", live cells: IFN-y'IL-
177 T, IFN=-y"IL-1771L-13" T and IFN-y~IL-17" T (f). Spearman'’s correlation between % of ILC1 and % of IFN-y*ILC (g) and % of IL-13*ILC and
FEV1% predicted (h) in control subjects (clear dots) and COPD patients (black dots). Group sizes: GOLD | =3 or 4; GOLD Il = 8 or 9; GOLD
Il = 2, never-smoking controls = 3, ex-smoking controls = 3, smoking controls = 3.

© 2021 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of 2021 | Vol. 10 | e1287
Australian and New Zealand Society for Immunology, Inc. Page 3



Quantification and role of ILC subsets in COPD

Table 1. Subject characteristics

Controls (n =9) COPD (n = 15)
Characteristics Median (IQR) Median (IQR)
Gender (male/female) 3/6 10/5
Age, years 62 (57-76) 66 (59-69)
Body mass index 25 (25-28) 24(23-28)
Smoking status 3/3/3 0/8/7
(never/current/ex)
COPD GOLD stage na (AMMNI2)
FEV1% predicted, 124 (114-126) 79 (59-80.5)
post-bronchodilator
FVC% predicted, 121.5 (103.5-136.3) 99 (92-108)
post-bronchodilator
FEV1/FVC, post- 79 (77-87) 63 (50-65.5)
bronchodilator
COPD Assessment 3 (2-8) 13 (10.3-18.3)
Test score
DLco 87.9 (84-104) 67.5 (56.8-75.5)

na, not applicable; FEV1, forced expiratory volume in 1s; FVC, forced
vital capacity; DLco, diffusing capacity of the lungs for carbon
monoxide.

association between the number of pack-years
and the numbers of ILC1 (Supplementary figure
3b). The frequencies of CRTH2ILC2 and
CRTH2 CD117" (both NKp44" and NKp44~) ILC3
did not differ significantly within the
CD1617CD1277ILC population (Figure 1c).

To investigate whether any of all of the ILC
subsets were associated with disease severity, a
Spearman correlation analysis was performed
between ILC subsets and clinical and functional
markers of COPD severity. The frequency of ILC1
tended to inversely correlate with FEV1/FVC% (as
marker of airflow limitation) and with diffusing
lung capacity of carbon monoxide (DLco, @ marker
of emphysema and gas exchange) (Figure 1d). The
frequency of ILC1 positively correlated with total
score in the COPD Assessment Test (CAT); the
higher the CAT score, the larger the impact of
COPD on a patient’'s health status. In addition,
regression analysis demonstrated that ILC1
frequency significantly correlated with an
indicator of dyspnoea (breathlessness) in the CAT
test (Figure 1d), even when adjusted for smoking
status (Supplementary table 2).

Using lung single-cell suspensions from the
same cohort, we evaluated intracellular cytokine
production within ILCs (gating strategy Figure 1a)
and CD3'T cells by stimulating the cells with
phorbol myristate acetate (PMA)/ionomycin,
followed by flow cytometric analysis. Similar to
the data from the surface marker staining, the
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IFN-y" ILCs represented the largest ILC subset, in
both COPD and control subjects (Figure 1e). The
CD3'IFN-y" T-cell frequencies were similar in
never-smoking controls and COPD but tended to
increase in smoking controls (Figure 1f). ILC1
frequency identified with surface marker staining
strongly correlated with the frequency of IFN-y"
ILCs (Figure 1g). In COPD patients, IL-13*ILC
frequency positively associated with FEV1%
predicted (post-bronchodilator) (Figure 1h). No
significant associations between the frequencies
of the other ILC subsets and these clinical
parameters were found (data not shown).

Pulmonary ILC localise near lymphoid
aggregates in COPD

Next, we determined the presence and
localisation of all three ILC subsets, in lung tissue
samples of COPD patients and controls using
immunohistochemical analysis. ILCs were
identified as CD3~ cells, positive for the
transcription factor T-BET (ILC1), GATA3 (ILC2) or
RORyt (ILC3). B cells, NK cells, macrophages and
mast cells were excluded by positivity for CD20,
CD56, CD68 and mast cell tryptase, respectively.'
In assays using isotype controls for the antibody
combinations, no staining was observed
(Supplementary figure 4). Despite being rare cells,
all three ILC subsets could be identified in the
same lung tissue. In never-smoking control lung
tissue, ILCs localised in the parenchyma. In lung
tissue from smoking controls and COPD patients
(GOLD stage 1), they localised in and near
lymphoid aggregates (Figure 2). Also, the three T-
helper subsets (Th1, Th2 and Th17) could be
identified. Using immunofluorescence, which
allows visualisation of antibody staining in
different channels separately, the presence of the
three ILC subsets in the lung was confirmed
(Figure 3a—c, Supplementary figures 5, 6 and 7 for
isotype staining).

CS induces increases in ILCs in a mouse
model of COPD

Given that ILCs are an important source of
cytokines associated with COPD pathogenesis,’
and mechanistic studies with human samples have
not yet been performed, we investigated whether
the total number of ILCs and the different ILC
subsets were altered in a COPD mouse model."
C57BL/6 mice were exposed to air or CS for 1, 4 or

© 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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(a) T-BET (b) GATA3 (C) RORyt
CcD3 CcD3 CcD3
CD20/CD56/CD68/MC CD20/CD56/CD68/MC CD20/CD56/CD68/MC

Never-smoker

Smoker

Figure 2. Immunohistochemical detection of pulmonary ILC and Th cells in COPD patients and controls. T-BET/GATA3/RORyt in brown, CD3 in
green and antibodies against CD20, CD56, CD68 and mast cell tryptase (exclusion cocktail) in black. Staining was performed in COPD GOLD Il
patients and smoking and never-smoking controls. T-BET'CD37ILC1 (in brown, blue arrow) and T-BET'CD3*Th1 cells (in brown with green
border, red arrow) negative for exclusion markers (a). GATA3'CD37ILC2 (blue arrow) and GATA3'CD3'Th2 cells (red arrow) negative for
exclusion markers (b). RORyt"CD37ILC3 (blue arrow) and RORyt *CD3*Th17 cells (red arrow) negative for exclusion markers (c). Scale bar:

20 pm.

24 weeks, followed by the evaluation of ILCs in
the bronchoalveolar lavage (BAL) fluid and lung
tissue. ILC subsets were identified according to
the expression of surface markers and specific
transcription factors (gating strategy Figure 4a,
Supplementary figure 8 for FMO controls): T-
BET'ILC, T-BET RORyt ILC  and RORyt'ILC
represent ILC1, ILC2 and ILC3, respectively.
Notably, CS exposure induced significant increases
in the total lineage™ CD90'ILCs, as well as all ILC
subsets in BAL, at all time points (Figure 4b, ).
Also, the % of CD90'ILCs increased within the
CD45" population (Supplementary figure 8b).
Within CD90°ILCs, the % ILC2 reduced upon CS
exposure, whereas the % of ILC1 increased, after
4 and 24 weeks (Figure 4d). CS exposure also
increased the numbers of ST2'ILC2 in BAL, but to
a much lower level (Supplementary figure 9). In
(lavaged) digested lung tissue, data on ILC

© 2021 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of
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frequencies upon CS exposure were inconclusive
(not shown).

Signature cytokine expression upon CS exposure
was evaluated in ILC (gating strategy Figure 5a)
and in Th cells in BAL fluid. All cytokine-
producing ILC subsets and corresponding Th
subsets were increased in BAL following 4 and
24 weeks of CS exposure (Figure 5b-e). Within the
CD90"ILC population, there was a predominant
increase in the % of IFN-y'ILCs both after 4 and
24 weeks (Supplementary figure 10).

Also, other inflammatory cells were evaluated in
the COPD model. As reported previously, a
significant increase in the total numbers of
inflammatory cells in BAL was observed in CS-
exposed mice after 4 and 24 weeks
(Supplementary figure 11a). At all time points,
neutrophils, monocytes and dendritic cells were
increased in BAL following CS exposure. Lymphoid

2021 | Vol. 10 | e1287
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Figure 3. Immunofluorescent detection of pulmonary ILC and Th cells in COPD patients. T-BET/GATA3/RORyt (red), CD3 (blue), antibodies
against CD20, CD56, CD68 and mast cell tryptase (MC TPS) (exclusion cocktail, green). Staining was performed on a COPD GOLD Il patient
(smoker). T-BET'CD37ILC1 (red, white arrow), negative for exclusion markers and T-BET'CD3"Th1 (red with blue border, yellow arrow) (a).
GATA3"CD37ILC2 (white arrow) and GATA3"CD3"Th2 cell (yellow arrow) negative for exclusion markers (b). RORyt"CD37ILC3 (white arrow)

negative for exclusion markers (c).

aggregates were observed after 24 weeks

(Supplementary figure 11b-d).

ILC deficiency in Rag2 '~ mice does not
prevent CS-induced innate inflammation

The total numbers of activated ILCs increased in
the COPD model (Figure 5), and we previously
demonstrated that CS-induced innate
inflammation is still present in scid mice'® that
lack B- and T-lymphocytes but still have ILC. Thus,

2021 | Vol. 10 | e1287
Page 6

we hypothesised that ILC, as an important source
of IFN-y, IL-13 or IL-17, could drive CS-induced
inflammatory responses. To evaluate how the
additional absence of ILCs would affect CS-
induced inflammation, we exposed WT (C57BL/
6NTac background), Rag2’~ and Rag2/li2rg~'~
mice to air or CS for 4 weeks. Whereas ILCs are
present in BAL fluid of Rag2~'~ mice that lack an
adaptive immune system, they are absent in Rag2/
II2rg™"~ mice (Figure 6a). In air-exposed Rag2~'~
mice, there were no Th cells, but the numbers of
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Figure 4. All pulmonary ILC subsets are increased following cigarette smoke exposure in a mouse model. Total ILCs were gated as CD45'Lin~
(CD37CD5 TCR-B7) Lin™(CD11b~CD11¢™B2207) CDI0". ILC subsets were subsequently defined as RORyt T-BET* ILC1, RORyt T-BET™ ILC2 and
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per group. *P < 0.05. Data from the 4-week experiments are representative of 2 experiments.
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Figure 5. Signature cytokine expression in ILC and Th cells following cigarette smoke exposure in a mouse model. ILC gating following 4 h of
stimulation: CD45"Lin~(CD5 TCR-B)Lin~(CD11b~CD11¢"B2207)CD3~CD4~CD90" ILCs were gated, followed by defining IFN-y*IL-177ILC1, IFN-
y7IL-1771L-13*ILC2 and IFN-y~IL-17*ILC3 (a). Total numbers of cytokine-producing ILC (b, ) and Th subsets (CD45", CD11b~CD11c B220",
CD5'TCR-B", CD37CD4") (d, e) in mice exposed to CS (grey bars) or air (white bars) for 4 or 24 weeks. Results are shown as mean values; error
bars represent the standard deviation. N = 10 mice per group. *P < 0.05. Data of the 4-week experiments are representative of 2 experiments.
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ILCs, monocytes and dendritic cells were higher
than in air-exposed WT mice (Figure 6a, b, d and
e). CS exposure of Rag2™’~ mice increased the
numbers of total BAL cells, ILCs, dendritic cells
and neutrophils (Figure 6a, ¢, e and f). In Rag2/
II2rg~’~ mice, CS-induced increases in total BAL
cells, monocytes, dendritic cells and neutrophils
were also present (Figure 6¢cf). Hence, ILC
deficiency in the absence of a functional adaptive
immune system does not prevent CS-induced
innate inflammation.

The  measurement of  pro-inflammatory
cytokines and chemokines in BAL fluid
demonstrated that CS exposure significantly
induced CCL2 (MCP-1), CXCL1 (KC), IL-6 and TNF-o
protein levels in WT mice, and Rag2~’~ and Rag2/
112rg~’~ mice compared to air exposure (Figure 6g,
h—j). CS-induced IL-6, TNF-o and CXCL1 levels were
significantly higher in Rag2~'~ mice than in Rag2/
II2rg~’~ mice. CS exposure also increased IFN-y
levels in Rag2~'~ mice, whereas IFN-y levels were
below the detection limit in both WT- and Rag2/
112rg~'~-deficient mice (Figure 6k). Thus, although
CS-induced pro-inflammatory mediators were
produced by the three mouse strains, the levels of
several cytokines in Rag2~’~ mice were reduced
with ILC deficiency.

In lung tissue, the numbers of neutrophils close
to the airways were elevated upon CS exposure in
all three mouse strains (Figure 7a and b). To
evaluate the potential impact of the absence of
ILCs on tissue destruction, MMP-12 mRNA levels in
lung tissue were evaluated. CS exposure induced
increases in MMP-12 mRNA levels in the three
strains (Figure 7¢). MMP-12 expression was higher
in the CS-exposed Rag2~’~ mice than in the CS-
exposed WT mice. MMP-12 mRNA levels in the
Rag2/l12rg~'~ mice tended to attenuate compared
to Rag2~'~ mice.

DISCUSSION

Here, we show that ILC1 frequencies in the
pulmonary ILC population are elevated in COPD
patients and correlate with smoking and severity
of respiratory symptoms. We also localised the
three ILC subsets in human tissue, particularly
close to or in lymphoid aggregates. We also
found that CS exposure significantly increased the
total numbers of all three ILC subsets, with
relative increases in ILC1 frequencies, in an
established murine model of COPD.'®2° However,
ILCs appear to be redundant for CS-induced
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innate inflammatory responses in the absence of a
functional adaptive immune system, given that
innate inflammation still occurs, irrespective of
the presence of ILC.

Through a combined histological and flow
cytometric approach, we assessed ILC subsets in
COPD patients. We and others previously reported
the presence of ILCs in human lung using flow
cytometry.'*'>2! The added value of our current
findings is that quantification was performed
within a more specific cell population (CD127" and
CD161") on a high number of precious human
lung samples and that we correlated ILC numbers
with the severity of respiratory symptoms.
Moreover, we simultaneously investigated the
three signature cytokines in the pulmonary
CD161" ILC population. Pulmonary ILC1 was
previously reported to be increased in severe
COPD GOLD IV compared to COPD GOLD Il
subjects and controls."® This agrees with our
current observations, where we observe an
increase in ILC1 in the lungs of COPD GOLD I-lI
subjects compared to controls. Notably, ILC1
frequencies seem to be higher in (ex/current)
smoking controls than in never-smoking controls.
In these ex- and current smokers, who have no
features of COPD, several pathogenic processes
that could ultimately lead to COPD may already
be ongoing. However, the difference between
latter two groups was not significant, possibly
because of low sample numbers and/ or
pronounced smoking effects. A limitation of our
study is that the number of pack-years of (ex and
current) smoking controls was lower than in COPD
patients (Supplementary table 1) and that sample
sizes between groups differed. A larger sample
size is needed to confirm statistical significance.
The variation in ILC distribution in the COPD
group does not seem to be influenced by disease
severity (GOLD status, Supplementary figure 3a),
but also requires further study. We demonstrate
for the first time that pulmonary ILC1 frequency
correlates with severity of respiratory symptoms
(COPD Assessment Test [CAT] score question 4, an
indicator of dyspnoea (breathlessness)). The fact
that such a trend already arises in this small-scale
cohort is striking. Future analysis on a larger
cohort needs to confirm these findings; however,
flow cytometric analyses on fresh human lung
tissue is technically difficult and logistically
demanding. In the current study, 15 COPD subjects
with stable disease were included, to exclude any
changes in ILC populations that may occur
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Figure 6. In the absence of adaptive immunity, ILC deficiency does not prevent CS-induced airway inflammation in a mouse model. C57BL/
6NTac, RagZ’/’ and RagZ/lIng’/’ mice were exposed to CS (grey bars) or air (white bars) for 4 weeks. Total numbers of ILCs (a) and Th cells
(b). Total number of BAL cells (c) monocytes, (d) dendritic cells (e) and neutrophils (f). Protein levels of CCL2 (g), CXCL1 (h), IL-6 (i), TNF-a (j)
and IFN-y (k) were determined in BAL fluid. Results are expressed as mean £ SD. N = 8-10 mice per group. *P < 0.05.
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Figure 7. In the absence of adaptive immunity, ILC deficiency does not prevent CS-induced neutrophilic inflammation or MMP-12 expression in
murine lung tissue. C57BL/6NTac, Rag2~'~ and Rag2/li2rg™~ mice were exposed to CS (grey bars) or air (white bars) for 4 weeks.
Myeloperoxidase (MPO)-positive neutrophils in lung tissue are stained in brown (a) and quantified (numbers mm=2). N = 4 or 5 mice per group
(b). MMP-12 mRNA expression in lung tissue (c). Expression was determined by RT-PCR and normalised to HPRT and GADPH. N = 6 or 7 mice
per group. Results are expressed as mean + SD. *P < 0.05. Scale bar: 50 um.

because of bacterial or viral infections. Possibly,
the association between ILC subsets and some
clinical parameters would be even more clear
during COPD exacerbation. Such lung samples are
difficult to obtain, since lung resections for tumors
are not performed during an acute exacerbation
of COPD. Notably, higher ILC1 frequencies in the
peripheral blood of COPD patients correlate with
increased susceptibility to exacerbations, poor
lung function and disease severity.'® Furthermore,
ILC1 frequencies identified with surface marker
staining strongly correlated with the frequency of
IFN-y-producing ILCs. Interestingly, CD8 IFN-y
production has been correlated with COPD
severity’ and circulating IFN-y-producing Th17/Th1
cells have been negatively correlated with FEV1%
in COPD patients.?
In COPD lungs, the

positively associated with

IL-137ILC
FEV1%

frequency
predicted.
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Circulating ILC2 frequencies (CRTH2'T-BET") have
previously been correlated with higher lung
function (FEV1% predicted and FEV1/FVC%),
suggesting that this association with ILC2 s
mediated by IL-13 production.’® Since the
frequency of IL-13"ILCs was relatively low and
ILC2, which are a major source of IL-5 in the lung,
is reported to produce more IL-5 than IL-13, it
would be of interest to further investigate
whether the numbers of pulmonary IL-57ILC2 are
associated with smoking and respiratory
symptoms. In a previous study in a small cohort,
we did not find apparent changes in the
frequency of IL-5'ILC2 between controls and
COPD."™ Whether the frequency of IL-227ILCs is
altered in COPD also requires further
investigation.

There is much debate regarding ILC frequencies
in the human lung. Monticelli et al.® described
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ILC2 as the predominant ILC population, whereas
Bal et al.'® reported that NKp44'ILC3 was the
predominant population (38.2%), followed by
ILC2 (29.5%) and ILC1 (10.8%) in healthy and
GOLD I-Il subjects. Another study reported that
NK cells represent the majority of the ILC
population, whereas ILC2 and ILC3 are a
minority.”* The heterogeneity in subjects,
processing of the lung samples and the markers
used for ILC gating all contribute to data
variability. A limitation of our study is that we
lack a specific human ILC1 maker, but a similar
approach has been used by other groups.' still,
we identified CD161°CD127 T-BET'CD56 cells in
our cohort, which increased in COPD. Controversy
in reported ILC frequencies may also originate
from ILC plasticity. Silver et al. showed that ILC2
displays plasticity and can transform into IFN-y-
producing ILC1 upon CS exposure, which is
mediated by IL-12."® In addition, TGF-p can
promote the conversion of a subgroup of c-
Kit“ILC2 into IL-17-producing ILC3,%> which could
contribute to IL-17-mediated pathologies. In our
cohort, ILC1 expansion is associated with a
reduction in the NKp44~ILC3 population, but is
also linked to a reduction in undefined
CD161°CD127" cells, a ‘rest’ population that could
contain NK cells, that is pro-inflammatory
CD161°CD56" NK cells.?® Also, the relative
contribution of ILC2 to the ILC population in the
human lung tended to be lower in smokers and in
people with COPD than in never smokers, which
could support the findings of Silver et al."®

This is the first study to visualise all three ILC
subsets simultaneously in COPD patient lungs.
Recently, GATA3'ILC2 was detected within
eosinophil foci in the lungs of COPD GOLD IV
subjects.?” In another study, RORyt'NRP1"ILC3 was
detected near pulmonary inflammatory
aggregates and blood vessels, suggesting a link
with lymphoid follicle formation.?' Interestingly,
we detected not only RORyt‘ILC3, but also T-
BET'ILC1 and GATA3'ILC2 near lymphoid
aggregates.

In our murine COPD model, the increase in ILC1
(in total number and frequency within the
CD90'ILC population) was also observed after 4
and 24 weeks of CS exposure in C57BL/6 mice. In
addition to increases in T-BET'ILC1, the numbers
of RORyt'ILCs were also increased in BAL upon
acute and chronic CS exposure. This agrees with
Silver et al. and Donovan et al. who showed
elevation of T-BET'ILCs in the lung and in
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T-BET'ILCs and RORyt'ILCs after 8 weeks of CS
exposure, respectively.'®'” Also, the numbers of
IFN-y- and IL-17-producing ILC and Th subsets
were elevated, which corresponds with Th1/Th17
responses associated with COPD.>?® Within the
CD90'ILC population, ILC1 frequencies were
particularly elevated. CD90 is often used as an ILC
marker*>3® and is the most stable marker on
ILC2.3" Still some ILC populations are CD90"~,3?
which were not included in our gating and
analyses. The numbers of ST2'ILC2 also increased
with CS exposure, but were very low. The
handling of the samples or analysed compartment
(BAL) may have influenced ST2 expression on ILC2.
Moreover, different ILC2 subsets exist (natural and
inflammatory) and the latter have downregulated
ST233 and CS exposure can reduce ST2 expression
on ILC2."® Also, the number of identified IL-13"
ILC2 was low. Possibly, the experimental approach
of ex vivo stimulation and antibody staining —
which is rather artificial and dependent on
antibody efficiency — has impacted on our data.
Indeed, by using IL-5 and IL-13 reporter mice,
others have shown high numbers of Lin"TCR™ ILCs
within IL-57 or IL-13" CD45" lymphocytes in the
lung.3* Notably, latter study also revealed
important differences in murine pulmonary ILC2
numbers depending on age, sex and mouse strain,
which could have influenced our findings. ILC2
numbers were shown to be lower in adult mice
than in neonatal mice, in C57BL/6 mice than in
BALB/C and in male mice than in female mice.?*
Previously our group showed that CS-induced
innate inflammation is still present in scid mice,
which lack an adaptive immune system. We
hypothesised that ILC, which can produce IFN-y,
IL-13 and IL-17, drives this CS-induced innate
inflammatory response. Thus, we assessed the

contribution of ILC to CS-induced innate
inflammation, by comparing inflammatory
responses in WT, Rag2~'~ and Rag2/ll2rg”’~ mice.

Notably, the CS-induced inflammation in WT mice
(C57BL/6NTac background) was not as profound
as in WT mice (C57BL/6J background) in our other
experiments, which is possibly related to the
minor differences in the genetic backgrounds.
However, similar to previous reports,'” 83> we
demonstrate that Rag2~'~ mice have CS-induced
inflammatory responses, with elevated numbers of
total BAL cells and neutrophils. Importantly, in
Rag2/ll2rg~'~ mice, CS-induced increases in total
BAL cells, neutrophils, monocytes and dendritic
cells were still present, implicating that ILC
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deficiency (in the absence of functional B and T
cells) does not prevent CS-induced innate
inflammation. Accordingly, CS exposure induced
several pro-inflammatory mediators such as CCL2
(monocyte chemoattractant), CXCL1 (neutrophil
attractant), IL-6 and TNF-a not only in WT mice,
but also in Rag2™”~ and Rag2/ll2rg™’~ mice.
Interestingly, CS-induced IL-6, TNF-a and CXCL1
levels were significantly higher in Rag2™'~ mice
than in Rag2/li2rg~'~ mice and CS-induced IFN-y
was only detectable in the former. These findings
suggest that ILCs may be important in CS-induced
IL-6, TNF-o, CXCL1 and IFN-y release in RagZ*’*
mice and may therefore have roles in pro-
inflammatory responses to CS exposure. Further
research is needed to explore this. A limitation of
our study is that these experiments were
performed in a Rag2”’~ background, where
compensatory mechanisms related to the absence
of T and B cells likely take place. These mice have
significantly elevated ILC numbers and other
inflammatory cells at baseline, which may have
impacted on our analyses. To further elucidate the
role of ILCs in CS-induced innate inflammation in
our COPD model, specific ILC1- and ILC3-deficient
mice are needed. To our knowledge, such mice
are not yet available.

Our data do not exclude roles for ILCs in
emphysema, lymphoid follicle formation or airway
remodelling in COPD. We found that both Rag2~/"~
and Rag2/ll2rg™’~ mice have CS-induced MMP-12
expression, suggesting that tissue destruction
could still occur in the absence of ILCs. Notably,
MMP-12 mRNA levels tended to be lower in Rag2/
II2rg mice than in Rag2~'~ mice, suggesting that
ILC could contribute to tissue destruction. Others
showed that ILC2 deficiency does not affect CS-
induced inflammatory responses, but leads to
elevated collagen deposition around the small
airways and less emphysema.'” Our group showed
that emphysema can still develop in scid mice,
that is in the absence of an adaptive immune
system.’”® We and others have also shown that B
cells and especially B-cell lymphoid follicles may
contribute to the development of CS-induced
emphysema.?%?7:3837 |t remains to be elucidated
whether ILCs, particularly ILC1 and ILC3, are
implicated in airway remodelling, emphysema or
lymphoid follicle neogenesis. In the Rag2/ll2rg="~
mice, the 4-week CS exposure was too short to
study emphysema, nor is this strain suitable to
evaluate lymphoid follicle neogenesis because of
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the absence of B and T cells. Thus, specific ILC-
deficient mice are again needed.

Silencing of ILC function is associated with
exaggerated type 1 antiviral responses,’® and ILC
depletion impairs lung tissue repair and function
during influenza virus infection.'® Hence, in these
situations, changes in ILC populations and
functions do have a notable effect on lung
pathology. This suggests that ILCs could be more
important in COPD in, for example, exacerbations,
which should be investigated further. It is likely
that ILC and Th cell populations co-exist to ensure
immune robustness.>®

In conclusion, we showed that ILC1 frequency is
increased in COPD patients and is associated with
smoking and severity of respiratory symptoms.
Moreover, we localised all three ILC subsets in and
near lymphoid aggregates in COPD lungs. We also
demonstrated that ILC numbers increase with CS
exposure in a COPD model in C57BL/6 mice, with
relative increases in the ILC1 subset. In the
absence of adaptive immunity, ILC contributes to
CS-induced pro-inflammatory mediator release,
but they appear to be redundant in CS-induced
innate inflammation.

METHODS

Analysis of human samples

Study population: Subject characteristics are summarised in
Table 1. Lung resection tissue was obtained from subjects
who underwent lobectomy for solitary pulmonary tumors.
Tissue at maximum distance of the pathologic lung lesion
was collected and declared free of signs of pneumonia or
tumor invasion. Subjects receiving chemo- or radiotherapy
or suffering from recent COPD exacerbations or infections
were excluded. Lung tissue from 9 control subjects (3 never
smokers, 3 ex-smokers and 3 smokers, all without airflow
limitation) and 15 COPD patients (4 GOLD |, 9 GOLD Il and
2 GOLD Ill) was used for flow cytometric analysis. Two
COPD GOLD Il smoking patients, 2 smoking controls and 2
never smokers were selected for IHC analysis. Ex-smokers
were defined as subjects who refrained from smoking for
<1 year. A COPD Assessment Test was performed prior to
surgery. Smoking habits and medication use were evaluated
by interview, while COPD diagnosis was made based on
preoperative spirometry. Written informed consent was
obtained from all donors, according to the protocol
approved by the Medical Ethical Committee of Ghent
University Hospital (2016/0132).

Sample processing and flow cytometry: Samples of fresh
lung resection tissue were fixed in paraformaldehyde 4%
(Sigma, Bornem) for 20 h and paraffin-embedded for later
immunohistochemical/immunofluorescent  (IHC) analysis.
Remaining fresh lung tissue was processed into cell
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suspensions as described previously.™ Cell counting was
performed with the Coulter Counter (Beckman Coulter, Inc.,
Fullerton, CA), and cells were stained for flow cytometry.
Non-specific binding was reduced by pre-incubating the
samples with human IgG. The LIVE/DEAD™ Fixable Aqua
Dead Cell Stain Kit (Thermo Fisher, Waltham, MA) was used
to exclude dead cells. To exclude lineage markers, the
following human monoclonal antibodies were used:
peridinin  chlorophyll  protein-cyanine 5.5  (PerCP)-
conjugated anti-CD1a (HI49), anti-CD3 (OKT3), anti-CD14
(63D3), anti-CD19 (HIB19), anti-CD11c (3.9), anti-CD11b (M1/
70), anti-CD123 (6H6), anti-CD34 (581), anti-TCRa/p (IP26),
anti-TCRy/6 (B1), anti-BDCA2 (201A), anti-FCeR1 (AER-37)
and anti-CD235A (H1264).

To distinguish ILC subsets based on surface staining, the
following antibodies were used: fluorescein isothiocyanate
(FITC)-conjugated anti-CD45 (HI30), allophycocyanin (APQ)-
conjugated anti-NKp44  (P44-8), phycoerythrin  (PE)/
indotricarbocyanine (Cy7)-conjugated anti-CD117 (104D2),
Brilliant Violet 421TM-conjugated anti-CD127 (A019D5),
Brilliant Violet 605TM-conjugated anti-CD56 (HCD56) (all
from BiolLegend, San Diego, CA), PE-conjugated CD161
(HP3610, eBioscience) and biotinylated anti-CRTH2 (BM19;
Miltenyi  Biotec, Bergisch Gladbach, Germany) in
combination with streptavidin-APC-Cy7 (BD Biosciences, San
Jose, CA).

To identify ILC subsets based on cytokine staining, the
same PerCP-conjugated lineage antibodies were used,
except for CD3, which was replaced by APC-Cy7-conjugated
anti-CD3 (SK7). In addition, FITC-conjugated anti-CD45
(H130), BV605-conjugated anti-CD56, APC-conjugated anti-
CD161 (HP-3G10, all from BiolLegend), PE-TR-conjugated
anti-IFN-y (EB 45.B3), PE-conjugated anti-IL-13 (EB 85BRD)
and PECy7-conjugated anti-IL-17 (EB eBio64DEC17, all from
eBioscience, San Diego, CA) were used.

Immunohistochemical/immunofluorescence analysis:
Innate lymphoid cell was visualised using specific antibodies
against CD3 (Bio-Rad, Hercules, CA), CD20 (Invitrogen,
Rockford, IL), CD68 (Invitrogen), CD56 (Novus Biologicals,
Abingdon) and mast cell tryptase (Abcam, Cambridge) in
combination with T-BET (Santa Cruz, Dallas, TX), GATA3
(Biocare Medical, Pacheco, CA) or RORyt (Millipore, County
Cork). ILC populations were defined as CD3 T-BET'(ILC1),
CD3 GATA3"(ILC2) and CD3 RORyt*(ILC3), and negative for
CD20, CD68, CD56 and mast cell tryptase (deep space black
chromogen exclusion).

Data analysis: Statistical analysis was performed with
SPSS 24.0 and 26.0 (SPSS Inc. Chicago, IL). Non-parametric
tests (Kruskal-Wallis and Mann-Whitney U) were used to
compare independent groups, according to standard
statistical criteria. Values were reported as median + IQR. P-
values < 0.05 (*) were considered statistically significant.
Linear regression analyses were performed for the
association between CAT scores or lung function and ILC1.
GraphPad Prism (GraphPad Software Inc., San Diego, CA)
was used to analyse data.

Murine experiments

Mice: Male C57BL/6J mice (8-9 weeks old) were purchased
from Charles River (Ecully). To investigate the functional
role of ILCs, C57BL/6NTac, Rag2~’~ and Rag2/ll2rg~' mice
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were purchased from Taconic (Germantown, NY).
Experimental protocols were approved by the Animal
Ethical Committee of the Faculty of Medicine and Health
Sciences (Ghent University, ECD 14/76 and 16/68) and were
carried out in accordance with institutional guidelines for
animal care.

Exposure protocol: Mice were exposed to mainstream
tobacco smoke from 5 cigarettes (Standard Research
Cigarette 3R4F, University of Kentucky, without filters), 4
times daily using a whole-body exposure system as we have
previously performed extensively.’®?%3¢ There were 30-
minute smoke-free intervals between each exposure. In the
smoking chambers, an optimal smoke-air ratio of 1/6 was
set. Control groups were exposed to air. This procedure was
followed for 5 consecutive days/week for 1, 4 or 24 weeks.
Analysis was performed the day after the last smoke
exposure, when mice were sacrificed with pentobarbital
overdose (Vétoquinol NV/sa, Aartselaar). Results of the 4-
week experiments are representative of > 2 independent
experiments.

Lung histology and bronchoalveolar lavage:
Haematoxylin/eosin staining and CD3/B220 staining of lung
sections, bronchoalveolar lavage, cell counts and RT-PCR
were performed as described previously.'®3°*#" Neutrophils
on lung tissue were Vvisualised with anti-mouse
myeloperoxidase (R&D Systems, Abingdon, UK) and
counterstained with haematoxylin. Protein measurements in
BAL were determined by ELISA (CCL2 and CXCL1, R&D
Systems, Abingdon, UK) or using the High-Sensitivity BD
Cytometric Bead Array (BD Biosciences, San Jose, CA)
according to the manufacturers’ instructions.

Flow cytometry: Cells were pre-incubated with FcR
blocking antibody to reduce non-specific binding (anti-
CD16/CD32, Clone 2.4G2). All staining procedures were
performed in PBS without Ca?" and Mg?" but containing
5mM EDTA and 1% BSA. Cells were stained with a
combination of fluorochrome-conjugated monoclonal
antibodies (surface markers) similar to®® CD3 (145-2C11),
CD5 (53-7.3), TCR-B (H57-597), CD4 (GK1.5), CD45 (30-F11),
CD11b (M1/70), CD11c (N418), CD45R (RA3-6B2), CD90.2 (30-
H12), Ly6G (1A8), Siglec-F (E50-2440), NK1.1 (PK136), Ly6C
(BD AL-21), MHCII (BL M5/114.15.2) and biotinylated anti-
T1/ST2 (MD Bioproducts, St. Paul, MN) in combination with
streptavidin—phycoerythrin (SAV-PE) (BD Biosciences).

For cytokine staining, cells were stimulated for 4 h at
37°C and 5% CO, with a cocktail of PMA and ionomycin,
supplemented with brefeldin A and monensin (eBioscience).
Cells were fixed with the Foxp3 transcription factor
fixation/permeabilisation set and stained with antibodies
against IFN-y (XMG1.2), IL-13 (eBio13A) and IL-17A (17B7)
for cytokine staining and with T-BET (EBio4B10), GATA3 (EB
TWAJ) and RORyt (EB B2D) for nuclear staining (all
eBioscience).

Flow cytometric analysis was performed using
LSRFortessa, and data were assessed using FlowJo Software.
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