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Group 2 innate lymphoid cells (ILC2s) orchestrate protective type 2 immunity and have been implicated in various
immune disorders. In the mouse, circulatory inflammatory ILC2s (ilLC2s) were identified as a major source of type
2 cytokines. The human equivalent of the ilLC2 subset remains unknown. Here, we identify a human inflammatory
ILC2 population that resides in inflamed mucosal tissue and is specifically marked by surface CD45RO expression.
CD45R0O" ILC2s are derived from resting CD45RA* ILC2s upon activation by epithelial alarmins such as IL-33 and
TSLP, which is tightly linked to STAT5 activation and up-regulation of the IRF4/BATF transcription factors. Tran-
scriptome analysis reveals marked similarities between human CD45R0O" ILC2s and mouse ilLC2s. Frequencies of
CD45R0" inflammatory ILC2 are increased in inflamed mucosal tissue and in the circulation of patients with
chronic rhinosinusitis or asthma, correlating with disease severity and resistance to corticosteroid therapy.
CD45RA-to-CD45RO0 ILC2 conversion is suppressed by corticosteroids via induction of differentiation toward an
immunomodulatory ILC2 phenotype characterized by low type 2 cytokine and high amphiregulin expression.
Once converted, however, CD45RO* ILC2s are resistant to corticosteroids, which is associated with metabolic
reprogramming resulting in the activation of detoxification pathways. Our combined data identify CD45RO*
inflammatory ILC2s as a human analog of mouse ilLC2s linked to severe type 2 inflammatory disease and therapy

resistance.

INTRODUCTION

Type 2 immunity confers host defense against parasites, neutralizes
toxins, and organizes tissue repair. However, type 2 immune responses
can also fuel common immunopathologies such as allergies, chronic
rhinosinusitis, and asthma (I). Hallmarks of type 2 immunity at mu-
cosal barrier sites include eosinophilic inflammation, immunoglobulin
E (IgE) secretion by plasma cells, and tissue remodeling. These pro-
cesses are orchestrated by the signature cytokines interleukin-4 (IL-4),
IL-5, IL-9, and IL-13, which are produced by both innate and adap-
tive immune cells (I).
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Group 2 innate lymphoid cells (ILC2s) are major producers of
type 2 cytokines that are characterized by high levels of the GATA3
transcription factor, analogous to CD4" T helper 2 (T2) cells of the
adaptive immune system (2). In mouse models, ILC2s play a central
role in mounting type 2 immune responses against helminths and
in maintaining tissue homeostasis. Moreover, ILC2s are key inflam-
matory cytokine producers in allergic airway inflammation (3, 4).
ILC2s mostly reside in mucosal and barrier tissues (4, 5), where they
are able to respond to activating environmental signals, including
cytokines, lipid mediators, and neuropeptides (3, 6, 7). Alarmins
produced by activated or damaged epithelial cells, including IL-25,
IL-33, and thymic stromal lymphopoietin (TSLP), induce ILC2s to
promote inflammation by producing copious amounts of IL-5 and
IL-13 (1). In addition, IL-33 can induce the expression of the growth
factor amphiregulin by ILC2s to orchestrate epithelial tissue repair
after influenza infection or intestinal injury (8, 9).

ILC2s can adopt tissue- and stimulus-dependent phenotypes
(10-14), including the acquisition of cytokine-producing capacities
associated with plasticity toward other ILC subsets (15). Mouse
ILC2s are not strictly a tissue-resident population, as they can enter
the circulation and traffic between tissues under inflammatory con-
ditions (16-18). Migratory ILC2s were also detected in lymph nodes
under steady-state conditions (19). Mouse models of type 2 immunity
identified two subsets of ILC2s: natural ILC2s (nILC2s) that are
tissue resident and inflammatory ILC2s (iILC2s) with the capacity
to migrate (14, 18, 20-22). Initially, mouse iILC2s were character-
ized by high levels of the killer cell lectin-like receptor KLRG1 and
preferential responsiveness to IL-25 instead of IL-33 (14), but a recent
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study demonstrated that IL-33 can also promote ilLC2 generation (21).
Unlike the nILC2s that already reside in tissues under steady-state con-
ditions, i[LC2s (i) are generated upon induction of type 2 inflammation
or exposure to epithelial alarmins, (ii) express low levels of the metabol-
ic enzyme arginase, and (iii) have the capacity to enter the circulation
(14, 20-22). In mice, these migratory iILC2s represent a major early
source of type 2 cytokines and subsequent host protection against hel-
minth infections (18, 20). The activator protein-1 (AP-1) family tran-
scription factor BATF was recently identified as an essential regulator of
mouse iILC2, but not nILC2, function (20). The origin and abundance
of migratory iILC2s appear to strongly depend on the nature of the
stimulus and the timing during inflammation (18, 22). In vitro conver-
sion between nILC2 and iILC2 phenotypes has been reported (14, 23),
as well as inter-organ trafficking of ilLC2s to parasite-infected lungs and
extrusion of alarmin-activated local ILC2s into the circulation (18, 22).

Although ILC2 activation has been extensively studied in mouse
models of type 2 inflammation, our understanding of the mechanisms
that control human ILC2 activity and phenotypic heterogeneity under
inflammatory conditions is limited. Human ILC2s develop from mul-
tipotent ILC precursors through a committed KLRG1" ILC2 progeni-
tor stage and can be found in the circulation (24-26). Much like their
murine counterparts, human ILC2 populations are heterogeneous
and exhibit phenotypic plasticity (15). However, how circulating
human ILC2s relate to those found within tissues is poorly under-
stood. Moreover, a human analog of the mouse iILC2, which has the
capacity to circulate and is strongly associated with tissue inflam-
mation, has not yet been identified.

Despite these limitations in our knowledge of human ILC2 biology,
the activation of ILC2s has been linked to type 2 immune disorders
such as chronic rhinosinusitis with nasal polyps (CRSWNP) and aller-
gic asthma (27, 28). ILC2s have become a major focus of research on
type 2 inflammatory disease, with several studies suggesting that the
frequency and phenotype of circulating or tissue ILC2s are predictive
of disease severity or therapy response [as reviewed for asthma in
(28)]. In this context, ILC2s have recently been implicated in mediat-
ing resistance to immunosuppression by corticosteroids (29-35), a
mainstay treatment for CRSWNP and asthma to which a substantial
number of patients fail to adequately respond (36-38). However, such
studies often reported conflicting results, still casting doubt on the pre-
cise role of ILC2s in these immunopathologies and therapy resistance.

We set out to characterize human ILC2 populations in peripheral
blood (PB) and tissue samples to couple functional ILC2 heterogeneity
to type 2 inflammatory disease. We identify inflammatory CD45RO"
ILC2s in the circulation and inflamed mucosal tissue of patients suffer-
ing from type 2 immunopathologies and present evidence that these
cells are derived from resting CD45RA* ILC2s upon exposure to
epithelial alarmins. Our combined data make a compelling case for
CD45RO" ILC2s to represent the human equivalent of the circulatory
iILC2s described in mouse models of type 2 inflammation. Inflamma-
tory CD45RO™ ILC2s specifically confer resistance to corticosteroids,
are elevated in PB samples of patients with asthma and CRSWNP, and
correlate with disease severity as well as therapy resistance.

RESULTS

CD45RO0 expression identifies activated ILC2s from inflamed
human mucosal tissue

To characterize the transcriptional differences between resting ILC2s
and activated ILC2s from an inflamed microenvironment, we per-
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formed microarray gene expression analysis on ILC2s isolated from PB
of healthy control (HC) individuals and from nasal polyp (NP) tissue
surgically removed from patients with CRSWNP. We identified
>18,000 similarly expressed genes between PB and NP ILC2s, in-
cluding core ILC2 identity genes such as GATA3, RORA, IL7R, and
PTGDR?2 (encoding CRTH2) (Fig. 1, A to D). A total of 1279 genes were
differentially expressed (adjusted P < 0.05), of which 286 genes were
up-regulated in NP ILC2s (Fig. 1A, fig. S1A, and table S1). Pathway
analysis of these 286 genes revealed a robust enrichment for genes in-
volved in cytokine signaling and leukocyte activation (Fig. 1, B and C).
NP ILC2s displayed increased expression of genes associated with
ILC2 activation, including ILIRLI (encoding the IL-33 receptor),
IL2RA, ICOS, AREG, CSF1, and IL13, and lipid metabolism genes such
as PTGDR (DP1) (Fig. 1D and fig. S1B) (39, 40). In addition, several
genes implicated in tissue residency were differentially expressed in NP
ILC2s, e.g., up-regulation of NR4A1 and down-regulation of S1PRI
and ITGB2. NP ILC2s did not exhibit overt signs of plasticity toward an
ILC1 or ILC3 phenotype, as expression levels of IFNG, IL17A, IL22,
TBX21, and RORC remained low (Fig. 1D and fig. S1B).

We next compared the inflammatory NP ILC2 population with
resting PB ILC2s at the protein level using flow cytometry. Given the
enrichment for differentially expressed genes associated with T(;2)
cell activation (Fig. 1, B to D, and fig. S1B), we stained for various well-
known T cell activation markers. Consistent with our gene expression
analysis, NP ILC2s exhibited an activated phenotype compared with PB
ILC2s, showing increased surface expression of CD69 and ICOS
(Fig. 1E). We observed elevated expression of the chemokine receptor
CCR10, which is present on ILC2s from asthmatic patients (41), as well
as decreased levels of the lymph node homing receptor CD62L (Fig. 1E).
Culturing PB and NP ILC2s in the presence of IL-2 revealed that the NP
ILC2 population was also functionally more activated, because only
these cells produced substantial amounts of IL-5 and IL-13 (Fig. 1F).

CD45 is a receptor tyrosine phosphatase found on the surface of
most blood cell types, including ILCs and T cells (42). Whereas naive
T cells express the CD45RA splicing isoform, activated and memory
T cells exclusively express CD45RO. Resting PB ILC2s were mostly
CD45RA", and NP ILC2s contained a large fraction of CD45RO * cells,
analogous to the CD45 isoform switch that accompanies T cell activa-
tion (Fig. 1, G and H, and fig. S1C). CD45RO" ILC2s were essentially
negative for surface CD117 (the c-KIT receptor) (Fig. 11), indicating
decreased potential for plasticity (43, 44). To exclude the possibility
that the activated phenotype of NP ILC2s simply reflects their location,
we determined the proportions of CD45RA™ and CD45RO" ILC2s in
noninflamed nasal turbinate (TB) tissue. TB ILC2s were virtually all
CD45RA", demonstrating that the activated CD45RO" ILC2 pheno-
type does not simply reflect their location in the nasal mucosal micro-
environment, but instead is linked to inflammation (Fig. 1, G and H).
We consistently detected an increased proportion (~20%) of CD45RO*
ILC2s in PB samples from patients with CRSWNP compared with HCs
(Fig. 1, G and H). Sorted CD45RO" NP ILC2s showed higher type 2
cytokine mRNA expression levels as compared with CD45RA™ NP
ILC2s (Fig. 1] and fig. S1D), indicating that CD45 isoform expression
on ILC2s is linked to their activation status in tissues.

Cytokine stimuli trigger differentiation of resting CD45RA*
ILC2s into inflammatory CD45RO" ILC2s

The identification of CD45RO" ILC2 with features of activated cells
prompted us to investigate whether resting CD45RA™ ILC2s can
convert into inflammatory CD45RO" cells. Purified PB CD45RA"

20f 16

2202 ‘2z Arenuge4 uo Arlqi A1seAlun 1ysaain e 61o:aous s mmmy/sdiy woly papeojumod



SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

A B C
PB// Cytokine production

Regulation of cell adhesion

Myeloid leukocyte activation

Cytokine-cytokine receptor interaction

NFAT TF pathway

Leukocyte differentiation

18,088 |41 Alpha-beta T cell activation
Leukocyte migration
Blood vessel development 286
Cell chemotaxis genes »
r T T T T T T [0]
0 2 4 6 8 10 12 14 S
NP —Logyo P value =m
S
ILC2 identity g
* [
c 12 12 o 15 10 10 10 10 00 €
9 000 o0 o — =
& ° ks o0 8 8 — 84 820000 8 5
2 R 10490 glame® gloa o 6 6 ° B
8 4 4 5 4 4 4 4 S
S 2 2 2 2 °
0 0 0 0 0 0 0 £
GATA3 RORA IL7R PTGDR2 ID2 GFI1 ZBTB16 9;
o
ILC2 activation é
812 - 12 12 . 12 N 12 12 6 '5
= o >
8 8 _:_ T 8 ° 6 L 6 ° 4 o Q
& ° 6 o%0 ° - o o c
5,18 4{e 4] o . 4 41000 ° ,]5% e £
g ° 2 2 2{ 2 E
= 0 o
OTCiRLT °77RB °icos  ° zra °TAREG T ILi3 L5 g
[0]
c
Tissue residency Plasticity ¥
12 i 12 i 10 o 4 4 3 =
.5 ° 000 8 3 o2 a® 3 ° ° 9
23 ° g o% % ° _ 2l o
g o%0 6 g% 2 2 QEQ o < 38 oPB
3 4 4 4 ° ONP
S’N 2 1 1
~ 0 0 0 0 0 0 -5 W15
NR4A1 S1PR1 ITGB2 IL17A IL22 IFNG z-score (row)
E / A F IL-13
PB
ILC2
E
x (2]
@
E =
[
NP >
ILc2 2
S

CD69-arccy7 ICOS-arc CCR10-Bv421  CD62L-rPE g

G Tissue H . I J IL5 IL13
4 785 TB 801 = 4 290 3.96
§ o g 0015 0.08 *
S °
= 604 2 °
= o) o 0.06
s S 0010 o
0.54 7.19 £ . 3 °® ° I
5 5 401 ——— < ° 0.04
S| {295 223 NP 5 o 9 < 2 =
s % o & né 0008 0.02 °
I CRs ¥ 205 o = ° '
o - wNP ) = x
v % = o E o]
<
? o .
8 282 47f PB TB PB NP © O NP RA*
> — — —
CD45RO-Bv421 HC CRSWNP CD45R0-Bva21 @ NPRO*

Fig. 1. Phenotypic and functional characterization of human ILC2s from the circulation and a mucosal tissue microenvironment. (A) Venn diagram showing the
number of differentially expressed genes (adjusted P < 0.05) between PB and NP ILC2s. (B) Pathway enrichment analysis of the 286 genes up-regulated in NP ILC2s.
(€) Heatmap of mRNA expression values for genes associated with the “Cytokine production”and the “Cytokine-cytokine receptor interaction” biological pathways highlighted
in (B). (D) Log; mRNA expression values of selected genes involved in ILC2 identity, ILC2 activation, tissue residency, and plasticity. (E) Flow cytometric characterization of
activation-associated surface markers and chemokine receptors on PB (top) and NP (bottom) ILC2s. Signals from isotype-matched control antibodies are indicated in dark
gray. (F) IL-5 and IL-13 levels measured by ELISA in culture supernatant from PB and NP ILC2 grown for 7 days in medium with IL-2. (G) CD45RA and CD45R0 surface ex-
pression on ILC2s isolated from PB and noninflamed nasal TB tissue samples of HC individuals or from PB and NP samples of patients with CRSWNP. (H) Quantification of
CD45R0O™ ILC2s in the indicated PB and tissue samples from multiple individuals. (I) CD117 and CD45RO0 surface expression on PB and NP ILC2s. (J) Relative mRNA expres-
sion (to GAPDH) of IL5 and IL13 in CD45RA* and CD45RO™ ILC2s isolated from NP tissue as measured by qPCR. Data from (E), (G), and (I) are representative of at least three
donors from more than three independent experiments. Error bars in (H) indicate SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 [Mann-Whitney U test and
moderated t test corrected for multiple testing in (D)].
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ILC2s cultured in the presence of only IL-2 and IL-7 barely expressed
CD45RO or the known activation markers CD25 and ICOS (Fig. 2A). In
contrast, various (combinations of) activating cytokines induced robust
conversion into a CD45RO*ICOS"CD25" inflammatory phenotype re-
sembling that of NP ILC2s (Fig. 2, A and B, and fig. S2A). IL-33 or IL-1P
was required for this process because the three signal transducer and
activator of transcription 5 (STAT5)-activating cytokines IL-2, IL-7, and
TSLP together induced only limited CD45RA-to-CD45RO conversion
(Fig. 2B), suggesting that STATS5 activation by itself is not sufficient for
efficient induction of the CD45RO" phenotype. PB CD45RA™ cells
cultured with IL-33 alone showed poor survival and no CD45RA-to-
CD45RO conversion, even at earlier time points (fig. S2, B and C).

Given the relevance of the alarmins IL-33 and TSLP for ILC2
activation in the lung and the elevated expression of TSLP in NP as
compared with TB tissue (45), we primarily focused on this cytokine
combination as a potent inducer of the CD45RA-to-CD45RO pheno-
typic switch. Upon activation of CD45RA"* PB ILC2s with IL-2, IL-33,
and TSLP, the induced CD45RO™ cells showed an up-regulation of
IL5, IL13, and IL9 mRNA levels (fig. S2D). Phorbol 12-myristate
13-acetate (PMA) and ionomycin restimulated CD45RO" ILC2s had
the highest capacity to produce IL-5 (and to a lesser extent IL-9;
Fig. 2, C and D, and fig. S2E), whereas CD45RA™ and CD45RO"
cells showed a similar capacity to produce IL-13 (fig. S2E). These
data indicate that resting CD45RA™ ILC2s are primed to produce
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Fig. 2. In vitro differentiation of resting CD45RA* ILC2s into inflammatory CD45RO™ ILC2s. (A) Flow cytometry measurement of CD45R0O, CD25, and ICOS expression
on CD45RA* PB ILC2s cultured in the presence of the indicated cytokines. (B) Quantification of CD45RO™ ILC2s after 7 days of culturing sorted PB CD45RA™ ILC2s with the
indicated cytokines. (C) Flow cytometry quantification of CD45RA/CD45R0O expression (left) and IL-5/CD45RO0 expression (right) after culture with the indicated cytokines.
(D) Percentage of IL-5-expressing cells in CD45RA* or CD45RO™ PB ILC2s after culturing of sorted PB CD45RA* ILC2s with the indicated cytokines. ns, not significant.
(E) Flow cytometry time-course analysis of CD45RA/CD45R0 expression during a 7-day culture of CD45RA™ PB ILC2s with IL-2, IL-33, and TSLP. (F) CD45RA and CD45RO
expression after at least 20 days of culture of single CD45RA™ PB ILC2s on OP9-DL4 stromal cells with indicated stimuli. Bar graph shows a quantification of CD45RO
expression on populations grown from single clones with the indicated cytokines. (G) Percentage of IL-17A-expressing cells in CD45RA* or CD45RO* ILC2s cultured with
IL-2, IL-23, IL-1B, and TGFB. ILC2s were sorted from NP or PB. (H) Proportions of CD45RO" ILC2s after culture of CD45RA™ ILC2s in the presence of IL-2, IL-7, and TSLP with
or without the CD45 phosphatase inhibitor NQ301. Data from (A) to (H) [exception, (F)] were obtained by starting with CD45RA* ILC2s isolated from PB of healthy donors
and cultured for 7 days with indicated stimuli. Data from (A), (C), and (E) are representative of at least three donors from more than three independent experiments.
Symbols represent individual donors; bars indicate mean values + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 (Mann-Whitney U test).
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IL-13 but not IL-5 (and IL-9), whereas CD45RO" ILC2s produce
high levels of all three cytokines under these conditions. CD45RA"
PB ILC2s exposed to IL-2/IL-33/TSLP for 7 days first down-regulated
CD45RA, resulting in the formation of a CD45RA" population,
which was followed by up-regulation of CD45RO (Fig. 2E). Clones
of CD45RA™ ILC2s generated on OP9 stromal cells stably maintained
their phenotype in the presence of survival signals (IL-2/IL-7) and
converted to CD45RO" cells when exposed to activating cytokines
(Fig. 2F).

ILC2s can exhibit substantial functional plasticity when ex-
posed to polarizing cytokines such as IL-12 or IL-23 (15). To test
the potential for plasticity in CD45RO" cells, we cultured PB
CD45RA" and CD45RO" ILC2s (either freshly sorted or generated
in vitro by culturing CD45RA" for 7 days with IL-2/IL-33/TSLP)
in medium containing type 1 (IL-2/IL-12/IL-18), type 2 (IL-2/IL-
33/TSLP), or type 3 [IL-2/IL-23/IL-1p/transforming growth factor
B (TGFB)] conditions. CD45RO" ILC2s produced less interferon y
(IFNY) or IL-17 under plasticity-inducing conditions and main-
tained high IL-5 levels when exposed to strong inducers of type 1
or type 3 cytokine synthesis (fig. S2F). Similar results were ob-
tained using sorted CD45RA* and CD45RO* ILC2s from NPs
(Fig. 2G). These findings show that CD45RO" ILC2s display robust
type 2 polarization and have less potential for plasticity than their
CD45RA" counterparts.

In T cells, CD45 phosphatase activity appears to be restrained by
homodimerization, which is facilitated by the smaller size of the
CD45RO extracellular domain as compared with the larger CD45RA
molecule (42). As CD45 isoforms are able to control the relative
sensitivity threshold to external stimuli in various immune cells
(42), we hypothesized that the enhanced phosphatase activity of
CD45RA might impose a signaling threshold on resting CD45RA"
ILC2s for activating cytokines. To test this, we isolated CD45RA"
PB ILC2s and cultured them in the presence of IL-2, IL-7, and TSLP
(a relatively weak stimulus; Fig. 2B), with or without the CD45
phosphatase inhibitor NQ301 (46). Conversion into a CD45RO"
phenotype and IL-5 production were enhanced in the presence of
NQ301 (Fig. 2H and fig. S2G), indicating that CD45 phosphatase
inhibition sensitizes CD45RA" ILC2s to cytokine signaling.

Together, these data show that cytokine stimulation induces
conversion of CD45RA" ILC2s into potent cytokine-producing
CD45RO" cells, and that CD45RA phosphatase activity can restrain
the activation of resting CD45RA™ ILC2s.

Conversion of ILC2s into a CD45R0O" inflammatory
phenotype is tightly linked to BATF and IRF4 transcription
factor activity

To compare CD45RO" ILC2s generated in vitro with NP ILC2s on
a transcriptome-wide level, we generated microarray gene expres-
sion data from PB ILC2s after 7 days of stimulation with IL-2, IL-33,
and TSLP. As expected, genes involved in cytokine-mediated sig-
naling and ILC2 activation (e.g., IL2RA, IL13, ILIRLI, IL17RB, and
IL9R) were up-regulated in both cytokine-stimulated PB and NP
ILC2s as compared with freshly isolated resting PB ILC2s (Fig. 3A
and fig. S3, A to C).

To better understand the molecular drivers of the CD45RO"
inflammatory ILC2 phenotype, we combined our gene expression
data with previously generated epigenome maps of PB ILC2s (12).
Profiling H3K4Me2" active genes and regulatory elements across
the genome of resting PB ILC2s and cytokine-stimulated (with IL-2/

van der Ploeg et al., Sci. Immunol. 6, eabd3489 (2021) 29 January 2021

IL-25/1L-33) ILC2s identified ~3500 gene regulatory elements
that increased more than fourfold in H3K4Me2" signal upon
CD45RA-to-CD45RO conversion (Fig. 3B and fig. S3D). This epigene-
tic “signature” of the CD45RO" inflammatory ILC2 phenotype was
enriched for genes involved in cytokine signaling and proliferation
pathways (fig. S3E). Transcription factor binding motif enrichment
analysis revealed six transcription factor families strongly associated
with epigenome activation during CD45RA-to-CD45RO conversion
(Fig. 3C), including motifs for factors important for lymphocyte
biology such as GATA, ETS, AP-1, RUNX, IRF, and NF-«kB (nuclear
factor kB) family proteins. Hierarchical clustering of gene expression
profiles for the 95 transcription factors belonging to these six fam-
ilies in resting PB, NP, and cytokine-stimulated PB ILC2s revealed
distinct gene expression profiles (fig. S3F and table S2). Around half
of the transcription factors (n = 46) showed invariant moderate-
to-low expression levels, whereas several factors showed (weak) up-
regulation (i.e., GATA2, ETV5, and ATF3) or strong down-regulation
(e.g., IRF1, FOS, and JUN) specifically in activated PB or NP ILC2s
(Fig. 3D and fig. S3F). Other factors, including proteins implicated in
ILC biology such as GATA3, ETS1, and RUNX1 (47), were expressed
at high levels not only in CD45RO™ ILC2s but also in CD45RA*
cells and were therefore unlikely to drive CD45RA-to-CD45RO
conversion (Fig. 3D and fig. S3F). Out of 95 transcription factor
genes, only 3 showed expression patterns that correlated with the
CD45RO" cell abundance in our ILC2 samples (i.e., lowest in
resting PB ILC2s, increased in NP ILC2s, and highest in cytokine-
stimulated PB ILC2s). The CREM (AP-1 family) but especially
BATF (AP-1 family) and IRF4 transcription factors were strongly
associated with CD45RO" ILC2 abundance (Fig. 3D). The strong
induction of BATF and IRF4 in ILC2s after alarmin exposure
was confirmed by a substantial increase in H3K4Me?2 levels at their
genomic loci (fig. S3G). Our data implicate BATF and IRF4 as
critical regulators of CD45RA-to-CD45RO ILC2 conversion, in
line with the prominent roles these factors play in immune cell
activation (48-50).

To substantiate this hypothesis, we measured BATF, IRF4, and
CD45RO protein expression dynamics after CD45RA* ILC2 activa-
tion. Using different cytokine combinations, we noticed a marked
correlation between the proportions of CD45RO" and IRF4" or
BATF" ILC2s after 7 days of culture (R > 0.9 and P < 0.0001; fig.
S3H). IRF4 and BATF activation preceded CD45RO expression at
early time points (Fig. 3, E and F). The vast majority (>90%) of
CD45RO" ILC2s generated during the time course were IRF4 and
BATF double-positive (Fig. 3G). A critical cooperative role of BATF
and IRF4 in promoting CD45RA-to-CD45RO ILC2 conversion was
further supported by a significant enrichment of BATF-IRF composite
binding motifs within H3K4Me2" regulatory elements unique to
CD45RO" ILC2s (fig. S31). Last, T-5224, a selective small-molecule
inhibitor of AP-1 family transcription factor binding (51), signifi-
cantly limited CD45RA-to-CD45RO conversion induced by IL-2,
IL-33, and TSLP (Fig. 3H).

In T cells, the CD45RA-to-CD45RO splicing isoform switch is
controlled by the induction of the hnRNPLL RNA binding protein
(52). In ILC2s, hnRNPLL expression was positively correlated to
CD45RO" ILC2 frequencies (similar to BATF and IRF4; fig. S3]). RNA
sequencing revealed no detectable hnRNPLL transcripts in freshly
isolated PB CD45RA" ILC2s, whereas in vitro CD45RA-to-CD45RO
conversion with IL-2, IL-33, and TSLP induced robust hnRNPLL ex-
pression (fig. S3]). Additional H3K4Me?2 signals appeared around
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Fig. 3.ILC2 conversion into a CD45R0* inflammatory phenotype akin to mouse ilLC2s is associated with BATF and IRF4 transcription factor activity. (A) Heatmap
showing mRNA expression levels of genes associated with “Cytokine-mediated signaling pathways” (top) and “IL-4 and IL-13 signaling” (bottom) for PB ILC2s, NP ILC2s,
and PB ILC2s cultured for 7 days in the presence of IL-2, IL-33, and TSLP (“PB + type 2"). (B) Heatmap depicting normalized H3K4Me2 ChlIP-sequencing signal intensity at
3433 regulatory regions that showed substantial activation (more than fourfold signal increase) in PB + type 2 ILC2s as compared with resting PB ILC2s. (C) Transcription
factor motif enrichment within the 3433 H3K4Me2" regulatory regions shown in (B). The six most significantly overrepresented binding motifs (based on P value) are
shown. (D) Heatmap showing mRNA expression levels of selected genes belonging to the six transcription factor families identified in (C) (see fig. S3F for all genes). (E and F)
Flow cytometry time-course analysis of CD45R0, BATF, and IRF4 protein expression during a 7-day culture of CD45RA™ PB ILC2s with IL-2, IL-33, and TSLP. Quantifications are
shown in (F). (G) Representative flow cytometry analysis of BATF and IRF4 expression in CD45RO* ILC2s after 5 or 7 days of culture with IL-2/IL-33/TSLP. (H) Proportions of
CD45RO* ILC2s after culture of CD45RA™ ILC2s in the presence of IL-2, IL-33, and TSLP with or without the AP-1 family inhibitor T-5224. (1) GSEA using differentially ex-
pressed genes between PB (CD45RA™) and PB + type 2 (CD45R0O™) ILC2s (from RNA sequencing of n=3 pairs; adjusted P < 0.1) preranked on the basis of their log; fold
change (CD45R0O*-CD45RA"; indicated below in gray). Enrichment was calculated for two sets of genes that were previously found up-regulated in mouse ilLC2 as compared
with nILC2 from mesenteric lymph nodes (mLN) (27) or lung tissue (18). Adjusted (Adj.; false discovery rate method) P values are shown. *P < 0.05 (Wilcoxon matched-pairs
signed-rank test). TF, transcription factor; NES, normalized enrichment score
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the hnRNPLL gene promoter during CD45RA-to-CD45R0O ILC2
conversion, in line with increased transcriptional activation
of the locus and similar to differences seen between CD45RA*
and CD45RO"* CD4" T cells (fig. S3K). More specifically, the in-
tronic accumulation of H3K4Me?2 signal in CD45RO" ILC2s and
CD4" T cells coincided with the occurrence of two BATF/IRF com-
posite motifs, which are bound by BATF in mouse Ty17 cells (fig.
S3K) (53). Together, our analyses indicate that induction of a
CD45RO" inflammatory phenotype in human ILC2s requires BATF/
IRF4 transcription factor activity and supports a model in which
cooperative BATF/IRF4 binding activates hnRNPLL expression, which
results in alternative splicing of CD45 mRNA and production of the
CD45RO isoform.

Human CD45RO" ILC2s are transcriptionally akin

to migratory mouse ilLC2s

The formation of mouse iILC2s was recently shown to rely on BATF
(20). To assess in a more unbiased fashion how the human CD45RO”*
ILC2 phenotype is related to the mouse nILC2/iILC2 subsets, we
performed gene set enrichment analysis (GSEA) using published
transcriptional signatures of nILC2s and ilLC2s isolated from the lung
(18) or mesenteric lymph node (21). Genes differentially expressed
between CD45RA™ PB ILC2s and cytokine-induced CD45RO™ ILC2s
were ranked according to their fold change and used as input for
GSEA. We observed strong positive enrichments (adjusted P < 0.0001)
for genes up-regulated in CD45RO™ ILC2s using both i[LC2 signature
gene sets (Fig. 3I), whereas no significant enrichments were detected
with nILC2 signature gene sets (adjusted P > 0.05). About 30% of
the genes that define ilLC2s in vivo (i.e., expressed significantly higher
in iILC2s versus nILC2s) are also up-regulated during the CD45RA-
to-CD45RO ILC2 conversion (P < 0.0001, Fisher’s exact test; fig. S3L).
These data show that human CD45RO" ILC2s are transcriptionally
akin to mouse iILC2s, strongly suggesting that these ILC2 subsets
are functionally equivalent.

Elevated levels of circulating CD45RO* ILC2s in uncontrolled

steroid-resistant asthma

Our observation that patients with CRSWNP showed substantial
levels of CD45RO™ ILC2s not only in inflamed NP tissue but also in
their circulation (Fig. 1, G and H) prompted us to further evaluate
ILC2 CD45 status as a blood biomarker for type 2 inflammatory
disease. Given the potential pathogenic role of ILC2s in asthma (28),
we investigated the PB ILC2 phenotype in a cohort of 61 clinically
well-characterized asthma patients and 17 HCs. These patients were
selected to represent individuals with different levels of symptom
control and exacerbation frequencies (table S3). From 22 patients
with asthma, we also obtained PB samples during an active exacer-
bation. Whereas the frequencies of ILC2s did not differ between PB
samples from HCs and asthma patients (fig. S4A), we did observe a
clear trend toward increasing proportions of CD45RO" cells within the
ILC2 population in PB samples from all asthma patients (P = 0.086;
Fig. 4A). When patients were grouped according to their level of
symptom control [based on Asthma Control Questionnaire (ACQ)
scores (54): controlled, 0 to 0.75; partially controlled, 0.75 to 1.5;
uncontrolled, >1.5], we observed a significant increase in PB CD45RO"
ILC2 levels specifically in the subset of patients suffering from un-
controlled disease (Fig. 4B). In agreement with this, ACQ scores and
CD45RO" ILC2 proportions were positively correlated across our
patient cohort (fig. S4B). When patients with asthma were subdivided

van der Ploeg et al., Sci. Immunol. 6, eabd3489 (2021) 29 January 2021

on the basis of exacerbation frequencies, we again observed increased
proportions of PB CD45RO" ILC2 in patients with frequent exacerba-
tions (>2 during the previous winter season) (Fig. 4C). In addition,
comparison of paired PB samples obtained from asthma patients at
baseline (stable disease) and during an exacerbation revealed an in-
crease in circulating CD45RO" ILC2s during exacerbations for 71%
of patients (>1.25-fold change; Fig. 4, D and E).

Because uncontrolled asthma with frequent exacerbations is as-
sociated with poor response to inhaled corticosteroid treatment, we
investigated the relationship between steroid dose, symptom control,
and CD45RO" ILC2 levels. Asthma patients on a high inhaled steroid
dose (>1000 equivalent units; see Materials and Methods for dose
definitions) had significantly more PB CD45RO™ ILC2s compared
with patients with a relatively low inhaled steroid intake (fig. S4C).
Similarly, asthma patients with above-average CD45RO™ ILC2 pro-
portions (as measured across the entire cohort; shown in Fig. 4A)
required overall higher steroid doses than patients with lower than
average CD45RO™ ILC2 proportions (Fig. 4F). Last, we observed
significantly elevated frequencies of PB CD45RO" ILC2s in patients
with uncontrolled steroid-resistant asthma (ACQ > 1.5 despite
a >1000-steroid equivalent unit dose) as compared with steroid-
sensitive patients (ACQ < 0.75 with any steroid dose) (Fig. 4G).
Receiver operating characteristic (ROC) curve analysis revealed a
statistically significant predictive value of PB CD45RO™ ILC2 levels
to separate steroid-sensitive from steroid-resistant patients with
asthma (fig. S4D). Overall, these data show that the presence of
circulating inflammatory CD45RO™ ILC2s is linked to severe asthma,
asthma exacerbations, and steroid resistance.

The CD45R0O" inflammatory phenotype confers steroid
resistance to ILC2s

To further explore the potential link between the CD45 isoform status
on ILC2s and steroid resistance, we investigated the sensitivity of both
CD45RA" and CD45RO" ILC2s to dexamethasone, a potent immuno-
suppressive corticosteroid. To facilitate comparison of CD45RA*
and CD45RO" ILC2s, we generated the latter by first stimulating
sorted CD45RA™ ILC2s with IL-2 and IL-33 or with IL-2, IL-33, and
TSLP for 7 days in vitro before dexamethasone treatment. Exposing
CD45RA" ILC2s to a nontoxic dose (fig. S5A) of dexamethasone for
7 days resulted in strong inhibition of cytokine-driven CD45R0O in-
duction, whereas minimal effects were observed on the phenotype
of CD45RO" cells (Fig. 5, A and B, and fig. S5B). Similar results were
obtained using IL-7/IL-33 or TSLP/IL-33 cytokine combinations
(fig. S5C). In addition, cytokine-induced proliferation of CD45RA™
ILC2s upon cytokine exposure was greatly reduced by dexamethasone,
whereas CD45RO" ILC2 proliferation was unaffected or even slightly
enhanced (Fig. 5, C and D). On average, production of IL-5 and IL-13
by CD45RA* ILC2s in response to IL-33 was reduced by 92% and
65%, respectively, when treated with dexamethasone, compared with
a ~10 to 30% reduction for CD45RO" ILC2s (Fig. 5, E to G). Similar
levels of steroid-resistant cytokine production were evoked when
CD45RA-to-CD45RO conversion was induced using IL-2 and IL-33
or IL-2, IL-33, and TSLP (fig. S5D), indicating that steroid resistance
in CD45RO" ILC2s is promoted by STAT5-activating cytokines but
does not strictly require TSLP. In agreement with the robust steroid
resistance of CD45RO" ILC2s generated in vitro, NP ILC2s (strongly
enriched for tissue CD45RO" ILC2s; see Fig. 1H) showed signifi-
cantly less sensitivity to dexamethasone as measured by intracellu-
lar IL-5 staining and secreted IL-5 levels in culture supernatant

7of 16

2202 ‘2z Arenuge4 uo Arlqi A1seAlun 1ysaain e 61o:aous s mmmy/sdiy woly papeojumod



SCIENCE IMMUNOLOGY | RESEARCH ARTICLE

A 704 P =0.086 B 80 c 80—
o
|2} ] ° |2} * o *
o 60 ) - ) o
= | = 60+ o} = 60 —0:—
5z % 0 B i T :
2 a0 o oo 2 ° i 2 o !
o g%o O 404 © 8 o! g 40 © - oé
i o o
8 30 <] v S 4 %
2 204 oo 2 ° b 2 ° 1
[m] o 20 —8 0O 20 —a—
(&) | o - EN O ]
= 107 R ® ‘e
gt 78 9!
0 T T 0 T T T T 0 T T T
HC Asthma HC CON PC UNC HC 0-2 >2
Ast Ast Ast Exac. Exac.
E F cpasror | G
* ow
" 100+ 57 patients & 80+
S 71% O *
= ) 4 o . = [e)
= 50—+ I e 39 Steroid Z 604 o
[o] - SO __ i v dose: <
5 50 oS ! - 5
o oy 37 ! S OLow = °
S 404 _&“82 ‘?o b EMed. ks 20 °
p- e} (@] . +
S 301 Eg% 2 = CD4sRO" high  MHigh o ©
0 LEOV patients T}
<
g 20 = 1S B, 2201 9
= 10 % @ﬁ o
(<) \Q
0- S
71 0-

T
Stable

Steroid-  Steroid-
sens. res.

Fig. 4. Circulating CD45RO" ILC2 frequencies are increased in uncontrolled and steroid-resistant asthma. (A) Quantification of CD45RO™ ILC2s using flow cytometry
in PB samples of 17 HC individuals and 61 patients with asthma. (B) Quantification of CD45RO" ILC2s in PB samples of HC individuals, controlled asthma (CON Ast; ACQ <
0.75), partially controlled asthma (PC Ast; ACQ = 0.75 to 1.5), and uncontrolled asthma (UNC Ast; ACQ > 1.5) patients. (C) Quantification of CD45R0O" ILC2s in PB samples
of HC individuals and patients with asthma with zero to two exacerbations (“Exac.”) or more than two exacerbations in the previous year. (D) Quantification of CD45RO"
ILC2s in 22 paired PB samples of patients with asthma during stable disease and during an active exacerbation. (E) Fold change (FC) in the percentage of CD45RO™ ILC2s
in PB samples of patients with asthma during an active exacerbation, in which the percentage of CD45RO" ILC2s during stable disease was set to 1. Seventy-one percent
of patients showed an FC of >1.25. (F) Pie charts summarizing proportions of patients with asthma with low (0 to 500 dose equivalent units, see Materials and Methods
for details), medium (500 to 1000 dose equivalent units), and high (>1000 dose equivalent units) inhaled corticosteroid intake for two groups of patients: those with
lower than average [16.78%, based on all 61 patients shown in (A)] CD45RO* ILC2 frequencies (“CD45RO™ low”) and those with higher than average CD45RO" ILC2 fre-
quencies (“CD45R0O™ high”). (G) Quantification of CD45RO" ILC2s in PB samples of patients with asthma characterized as steroid sensitive (sens.; ACQ < 0.75, on any steroid
dose) and steroid resistant (res.; ACQ> 1.5, on >1000 dose equivalent units). Symbols represent individual donors; bars indicate mean values + SEM. *P < 0.05 (Mann-Whitney

U test or Kruskal-Wallis test corrected for multiple testing).

(Fig. 5, H and I). In summary, these experiments reveal that IL-2
and IL-33 are sufficient to induce inflammatory CD45RO" ILC2s
that are resistant to suppression by corticosteroids, the mainstay of
therapy for chronic type 2 inflammatory disorders.

Corticosteroids suppress CD45RA-to-CD45R0 conversion
and induce a distinct ILC2 phenotype

Gene expression analysis (using RNA sequencing) of CD45RA™
ILC2s activated with IL-2, IL-33, and TSLP in vitro for 7 days in the
presence or absence of dexamethasone revealed a steroid-sensitive
gene expression program consisting of 452 genes (Fig. 6A). Genes
suppressed by dexamethasone (n = 266), e.g., IL5, IL13, and CSF2,
associated with an interconnected network of biological pathways
critical for inflammatory type 2 effector cells (Fig. 6, B and C, and
fig. S6A). In contrast, dexamethasone also activated a subset of
186 genes, which showed only a minor overlap (8.6%) with genes
expressed at higher levels in CD45RA™ ILC2s as compared with
CD45RO" ILC2s (n = 16; adjusted P < 0.05). Genes up-regulated by
dexamethasone included DUSPI, a canonical target gene of gluco-
corticoid receptor (GR) signaling that encodes the DUSP1/MKP1
phosphatase, an inhibitor of the mitogen-activated protein kinase

van der Ploeg et al., Sci. Immunol. 6, eabd3489 (2021) 29 January 2021

(MAPK) signaling pathway that operates downstream of the IL-33
receptor (Fig. 6D) (55, 56). Up-regulated genes also encode proteins
involved in tissue repair and remodeling (e.g., AREG and PDGFA),
enhanced migratory capacity (KLF2, SIPR1, and CXCR4), and
immune modulation (HAVCR2 encoding TIM-3, CD86, and CD9)
(Fig. 6D and fig. S6, B and C). In addition, whereas canonical ILC2
regulator genes GATA3 and PTGDR2 (encoding CRTH2) were
unaffected, dexamethasone up-regulated the transcription factors
ETV5 and CBFB (fig. S6B). In mouse models of allergic airway
inflammation, Etv5 has been implicated in shaping Ty cell differen-
tiation (57, 58), whereas Cbfb was shown to restrain steady-state
ILC2 activation and prevent exhaustion upon activation (59). Thus,
dexamethasone induces differentiation of CD45RA™ ILC2s toward
a phenotypically distinct, less inflammatory, and more immuno-
modulatory cell population.

Unique metabolic reprogramming of CD45R0" ILC2s is
linked to steroid resistance

Unlike their CD45RA™ counterparts, CD45RO" ILC2s maintain high
levels of type 2 cytokine production and proliferation in the pres-
ence of corticosteroids. This phenotypic distinction could not be
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Fig. 5. CD45R0O" inflammatory ILC2s are resistant to suppression by corticosteroids. (A) Flow cytometry analysis of CD45RA and CD45RO expression on ILC2s
cultured in the presence of IL-2/IL-33 with or without dexamethasone for 7 days. Top panels show results when starting with sorted CD45RA* ILC2s. Bottom panels
show effects on a CD45RO™ ILC2 starting population, which was generated by culturing CD45RA™ ILC2s with IL-2/IL-33 for 7 days before dexamethasone treatment.
(B) Residual percentage of CD45RO" ILC2s after 7 days of culture in the presence of IL-2/IL-33 with dexamethasone as compared with without dexamethasone (Dex)
when starting with CD45RA* (gray bars) or CD45RO" (red bars) ILC2s. (C) CFSE signal dilution by proliferation was measured by flow cytometry for labeled CD45RA*
(top) and CD45RO™ (bottom) ILC2s cultured for 4 days in the presence of IL-2/IL-33/TSLP with or without dexamethasone. (D) Frequencies of proliferating
CD45RA* and CD45RO™ ILC2s in the presence or absence of dexamethasone. (E) Flow cytometry analysis of intracellular IL-13 and IL-5 in indicated ILC2 populations
cultured in the presence of IL-2/IL-33 with or without dexamethasone. (F) Residual percentage of IL-5* ILC2s after 7 days of culture in the presence of IL-2/IL-33 with
dexamethasone as compared with without dexamethasone when starting with CD45RA" (gray bars) or CD45RO™ (red bars) ILC2s. (G) Residual percentage of IL-13*
ILC2s after 7 days of culture in the presence of IL-2 and IL-33 with dexamethasone as compared with without dexamethasone when starting with CD45RA" (gray bars)
or CD45RO™ (red bars) ILC2s. (H) Residual percentage of IL-5* ILC2s after 7 days of culture in the presence of IL-2/IL-33 with dexamethasone as compared with without
dexamethasone when starting with sorted PB (gray bars) or NP (red bars) ILC2s. (I) IL-5 levels measured by ELISA in culture supernatant from sorted PB and NP
ILC2s cultured for 7 days in the presence of IL-2/IL-4/IL-1f with or without dexamethasone. Data from (A), (C), and (E) are representative of at least three donors from
more than three independent experiments. Symbols represent individual donors; bars indicate mean values + SEM. *P < 0.05, **P <0.01, and ***P < 0.001 (Mann-Whitney
U test or paired Wilcoxon matched-pairs signed-rank test).
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Fig. 6. Transcriptome analysis reveals pheno-
typic conversion of CD45RA* ILC2 by dexa-
methasone and metabolic reprogramming
linked to steroid resistance. (A) Heatmap show-
ing mMRNA expression levels (RNA sequencing) of
differentially expressed genes between CD45RA*
ILC2s cultured for 7 days with IL-2/IL-33/TSLP in
the presence or absence of dexamethasone.
(B) Network of biological pathways suppressed
in ILC2s activated by cytokines in the presence
of dexamethasone. Spheres represent individual
pathways that are connected and clustered (color-
coded) on the basis of gene similarity. Nodes
containing pathways associated with leukocyte
activation, myeloid cell activation, lymphocyte
proliferation, MAPK signaling, lipid metabolism,
and interferon signaling are highlighted. Size of
spheres indicates statistical significance (P < 0.05).
(€) Expression levels (RPKM) of the pro-inflammatory
genes IL13, IL5, and CSF2 in ILC2s activated with
or without dexamethasone. (D) Expression levels
(RPKM) of canonical GR target DUSP1 and the
immunomodulatory genes AREG, HAVCR2, and
CD86 in ILC2s activated in the presence or absence
of dexamethasone. (E) Heatmap showing mRNA
expression levels of genes negatively (upper boxed
part) or positively (lower boxed part) correlated
with the increasing CD45RO" ILC2 frequencies
found in PB ILC2s, NP ILC2s, or PB ILC2s cultured
for 7 days in the presence of IL-2, IL-33, and TSLP
(PB + type 2). Genes were ordered by gene ex-
pression pattern using k-means clustering (k= 8).
(F) Pathway enrichment analysis of the 221 genes
negatively correlated with CD45RO* ILC2 fre-
quencies (top) and the 560 genes positively cor-
related with CD45RO* ILC2 frequencies (bottom).
(G) Networks of biological pathways positively
correlated with CD45RO™ ILC2 frequencies, con-
sisting of one module involved in effector func-
tion and one module involved in metabolism.
Spheres represent individual pathways that are
connected and clustered (color-coded) on the
basis of gene similarity. Nodes containing path-
ways associated with asthma, cytokine signaling,
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cance (P < 0.05). (H) Expression levels (log,) of selected genes critical for glutathione metabolism in PB, NP, and PB + type 2 ILC2s. () Principal components analysis (PCA)
of gene expression values (log, RPKM) for the 78 genes within the detoxification and glutathione metabolism pathways that were positively correlated with CD45RO*
ILC2 frequencies. CD4" T cell RNA-sequencing data were taken from a previously published time-course analysis of anti-CD3/CD28 stimulation of CD4*CD45RO™ T cells
for the indicated days (DO, D1, D5, and D14) (63). (J) Boxplot showing combined log, fold changes in expression (RPKM) of the genes used in (I). Fold changes were calcu-
lated by subtracting log, expression values of activated cells (i.e., CD45RO" ILC2s and indicated T cells) from resting cells (i.e., CD45RA™ ILC2s or resting memory cD4*
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(Wald test or Kruskal-Wallis test, both corrected for multiple testing). mem., memory; Act., activated.

explained by altered GR expression levels, as we did not detect
marked changes in NR3C1 (encoding the GR) mRNA levels be-
tween resting CD45RA™ PB ILC2 and ILC2 populations strongly
enriched for CD45RO™ cells (i.e., NP ILC2s and PB ILC2s activated
by cytokines in vitro) (fig. S6D).

To uncover the mechanistic basis of resistance to steroids in
CD45RO" ILC2s in a more unbiased fashion, we mined our tran-
scriptome data for genes with expression levels that were highly
correlated to CD45RO" cell abundance (see above; lowest in resting
PB ILC2s, increased in NP ILC2s, and highest in PB ILC2s that re-
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ceived type 2 cytokine stimulation). Using this approach, we identified
221 genes negatively correlating with CD45RO" cell abundance,
which is associated with cell cycle arrest, mammalian target of rapamycin
(mTOR) signaling, and receptor recycling. In contrast, 560 genes were
positively correlated to CD45RO™ ILC2 frequencies (Fig. 6, E and
F). As expected, these included genes associated with ILC2 activation
(e.g., IL13 and ILI7RB) and a network of pathways critical for ef-
fector function (Fig. 6, F and G). CD45RA-to-CD45RO conversion
was coupled to extensive transcriptional changes of several metabolic
pathways (Fig. 6, F and G). Although enhanced lipid metabolism is a
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known hallmark of lymphocyte effector function (60), we also observed
activation of metabolic pathways involved in intracellular detoxi-
fication and glutathione metabolism (Fig. 6, F and G). Glutathione
S-transferases (GSTs) are detoxification enzymes that catalyze the con-
jugation of glutathione to a wide range of endogenous and exogenous
compounds, including corticosteroids, ultimately leading to their elim-
ination (61). Expression of genes encoding the glutathione synthetase,
various GSTs (e.g., GSTM2 and MGST?2), and other associated genes
was positively correlated to CD45RO* ILC2 abundance (Fig. 6H and
fig. S6E), providing a rationale for how the CD45RO" inflammatory
ILC2 phenotype confers resistance to corticosteroids.

Unlike CD45RO™ ILC2s, most CD4" Ty cells, including Ty2
cells, are sensitive to suppression by corticosteroids (30, 33, 34, 62).
Hence, we reasoned that the up-regulation of detoxification-associated
genes observed in steroid-resistant CD45RO" ILC2s would be ab-
sent during CD4" T cell activation. To address this, we compared
the induction of detoxification-associated genes after CD45RA-to-
CD45RO0 ILC2 conversion and during a time-course activation of
resting CD45RO" memory CD4" cells in vitro using anti-CD3/CD28
antibodies (63). Principal components analysis showed that steroid-
resistant CD45RO" ILC2s formed a discrete cluster apart from steroid-
sensitive CD45RA* ILC2s and memory CD4" T cells (Fig. 6]). Resting
and activated memory CD4" T cells clustered closely together, indicating
that metabolic reprogramming of detoxification pathways during
cytokine-induced ILC2 activation is unique to ILC2s (Fig. 6I). This notion
was further confirmed by the strongly reduced transcriptional induc-
tion of detoxification pathways associated with steroid resistance during
memory CD4" T cell activation as compared with ILC2 CD45RA-to-
CD45RO conversion (Fig. 6]). Similar differences were observed when
comparing ILC2 and CD45RA™ naive CD4" T cell activation (fig. S6F).

DISCUSSION

In this study, we identify an inflammatory ILC2 population marked by
CD45RO that resides in inflamed mucosal tissue and can be detected
in the circulation. This human ILC2 subset is transcriptionally akin
to mouse iILC2s. Resting ILC2s, which express CD45RA, can con-
vert into CD45RO™ ILC2s upon cytokine exposure, which is tightly
linked to activation of the BATF/IRF4 axis. CD45RO" inflammatory
ILC2s are resistant to corticosteroids and increased in the circula-
tion of patients with type 2 immunopathologies, correlating with a
poor response to corticosteroid therapy and severe disease.

The CD45 isoform switch we observe upon activation of resting
ILC2s is reminiscent of the well-known CD45RA-to-CD45RO switch
that accompanies the activation of T cells. In mature naive T cells,
CD45RA is gradually replaced by CD45RO on the cell surface upon
T cell receptor stimulation (42). As observed in T cells, ILC2
CD45RA-to-CD45RO conversion is accompanied by activation of
the hnRNPLL splicing regulator. The shorter extracellular domain
of the CD45RO splicing isoform allows for homodimerization with
reduced enzymatic activity, thereby altering the ability of the CD45
phosphatase to set a threshold for T cell receptor signals (42, 52).
Our data suggest that CD45 phosphatase inhibition can sensitize
CD45RA™ ILC2s to cytokine signaling, although the target(s) of
CD45 in ILC2s remains unknown. Possible candidates expressed in
ILC2s include Janus kinase (JAK) proteins (64) or the Src family kinase
LCK (65). Dephosphorylation of signal transduction molecules by
CD45RA might set a higher threshold for ILC2 activation, which
would be relieved upon isoform switching to CD45RO.
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In T cells, most of the previously activated naive cells stably
maintain CD45RO expression, even after returning to a resting
state as memory cells (42). Whether CD45RA-to-CD45RO switch-
ing is reversible in ILC2s or associated with “memory” ILC2s (66)
remains to be addressed. CD45 isoform switching may also occur in
other ILC subsets, as several recent mass cytometry studies have re-
ported that the presence of CD45RO™ ILC(-like) cells (67-69) and
chronic stimulation of NKG2C" natural killer cells in vitro induced
CD45RO expression (70). CD45 isoform switching may thus play a
broader functionally important role in ILC biology.

Migratory iILC2s represent a major early source of type 2 cyto-
kines and subsequent protection against helminth infections in
mice (18, 20). Mouse iILC2s can be distinguished from nILC2s by
higher expression levels of KLRG1 and IL17RB, strongly reduced
levels of intracellular arginase 1 (ARG1), and a unique dependency
on the transcription factor BATF (14, 20, 21). Like iILC2, human
CD45RO" ILC2s described here can enter the circulation, express
KLRG1 and IL17RB, do not express ARG1, and appear to rely on
BATEF for their full activation by epithelial alarmins. Our comparisons
of transcriptional hallmarks of the various ILC2 subsets revealed a
strong similarity between human CD45RO™ ILC2s and mouse
ilLC2s. Our findings strongly suggest that human CD45RO" ILC2s
are functionally akin to the iILC2s described in mouse models of
type 2 inflammation.

We envision several nonmutually exclusive scenarios for the accu-
mulation of CD45RO" ILC2s in inflamed tissues and in the circulation
of patients with asthma or CRSwNP. Tissue-resident CD45RA* ILC2s
could act as a local reservoir for the rapid generation of CD45RO"
ILC2s in response to epithelial alarmins. Subsequently, CD45RO™ ILC2s
migrate out of the inflamed tissues into the PB. This is consistent with
a recent study of parasite-induced type 2 inflammation in mice,
demonstrating that tissue-specific pathways extrude locally activated
ILC2s into the circulation (22). Alternatively, CD45RO* ILC2s pres-
ent within inflamed mucosal tissues could have migrated from other
ILC2-rich sites such as adipose fat or the gut. This is in line with
migration of mouse iILC2s from the intestine to the lung during
helminth infection (18) and with previously suggested human ILC2
recruitment into the airways upon nasal challenges of patients with
asthma or aspirin-exacerbated respiratory disease (33, 71).

Our findings have important implications for understanding the
role of ILC2s in human type 2 immunopathologies, such as asthma
and CRSwNP. A significant number of patients respond poorly to
corticosteroid therapy, which remains a critical challenge in clinical
management and a major focus of research (36-38). Previous stud-
ies have investigated the sensitivity of ILC2s to steroids, often with
conflicting results (29-32, 34, 35). A recent study has implicated
IL-7a receptor (CD127) signaling via IL-7 or TSLP stimulation in
conferring human ILC2s with enhanced steroid resistance (32). Our
results show that efficient CD45RA-to-CD45RO conversion does
not strictly rely on IL-7 or TSLP, as IL-2 and IL-33 are sufficient to
generate highly steroid-resistant CD45RO" ILC2s. However, it should
be noted that at least one STAT5-activating cytokine (i.e., IL-2, IL-7,
or TSLP) was required for IL-33 (or IL-1B) to induce CD45RA-to-
CD45RO ILC2 conversion in our assay, indicating that STATS5 is critical
to generate CD45RO" ILC2s and for acquisition of steroid resist-
ance. Differential steroid resistance of CD45RA" and CD45RO"
ILC2 populations could reconcile findings from these earlier reports,
because ILC2 populations obtained from different sources (e.g. PB
versus NPs) can vary widely in their CD45RA"-to-CD45RO" ratios.
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This will critically affect the steroid sensitivity of isolated ILC2s
in culture, which can be further influenced by in vitro exposure to
activating cytokines. Hence, an accurate assessment of ILC2 ste-
roid responsiveness should include careful determination of CD45
isoform status.

Dexamethasone suppresses proliferation and cytokine production
in CD45RA" ILC2s exposed to activating cytokines, without inducing
apoptosis. Unexpectedly, dexamethasone appears to achieve sup-
pression of an inflammatory ILC2 phenotype not only by down-
regulating the type 2 inflammatory program but also by the concomitant
activation of an immunomodulatory gene set that includes strong
induction of amphiregulin expression. Amphiregulin not only is a
critical molecule for tissue repair (8) but also can promote pathogenic
tissue remodeling characteristic for patients with CRSWNP and asth-
ma (72, 73). The effects of corticosteroids thus go beyond suppres-
sion of inflammatory cytokine production and include phenotypic
skewing of effector cells. CD45RA™ ILC2s exposed to a combination
of activating signals and corticosteroids, a scenario likely to occur
in patients, could differentiate into an ILC2 subset that promotes
tissue repair rather than inflammation. This is in line with our tran-
scriptome analysis of NP ILC2s, which contain CD45RA* ILC2s and
express high levels of amphiregulin. Although beneficial for inhibit-
ing the activation of CD45RA™ ILC2s, a chronic exposure to cor-
ticosteroids and activating cytokines could skew these ILC2s to
promote excessive tissue remodeling.

Once CD45RA™ ILC2s are converted into CD45RO" cells, dexa-
methasone could no longer efficiently suppress proliferation and
cytokine production. We excluded the down-regulation of GR
expression as a mechanism of steroid resistance. Instead, our tran-
scriptome analyses point toward metabolic reprogramming under-
lying the steroid resistance of CD45RO™ ILC2s. We observed marked
up-regulation of genes involved in metabolic detoxification pathways,
most notably GST enzymes. Conjugation of glutathione to steroids
and their subsequent elimination provides a plausible mechanism
explaining the intrinsic steroid resistance of CD45RO" ILC2s (61).
In support of this conclusion, activation of these metabolic path-
ways was not observed in steroid-sensitive CD4" T cells. The signals
and transcription factors that activate this metabolic circuit selec-
tively in ILC2s are unknown, although AP-1 family proteins play
important roles in regulating the expression of GST genes (74). In
this context, an ILC2-specific interplay between BATF and addi-
tional transcription factors could up-regulate GST gene expression
in CD45RO" ILC2s to confer steroid resistance. Additional studies
are required to further dissect the role of glutathione metabolism in
steroid-refractory asthma and explore this pathway as a potential
new therapeutic target.

Our findings directly link CD45RO" inflammatory ILC2s to type 2
immunopathology. Besides being abundantly present in inflamed
mucosal tissue of patients with CRSWNP (~50% of the total ILC2 pop-
ulation is CD45RO"), we also detected significant levels of CD45RO"
ILC2s in PB samples from patients with CRSWNP and uncontrolled
asthma (up to ~65%). In contrast, ILC2s from noninflamed nasal
TB tissue or PB from healthy donors and controlled asthmatics
showed only minor proportions of CD45RO" cells (~5 to 20%). On
the basis of these data, we propose that the CD45 isoform expres-
sion profile of the circulating ILC2 compartment represents a bio-
marker for severe type 2 inflammation in tissues. Our data may also
explain contradictory findings regarding the positive correlation
between circulating ILC2 abundance and asthma, as we show that
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such a correlation is specific for CD45RO™ ILC2s and only seen in
patients with uncontrolled asthma or during exacerbations. Extend-
ing our findings to other inflammatory disorders with (possible)
ILC2 involvement should be pursued in future studies.

In conclusion, we identify an inflammatory human ILC2 subset
in mucosal tissue and PB specifically marked by expression of
CD45RO. This inflammatory ILC2, akin to the previously identified
mouse iILC2, is resistant to suppression by corticosteroids and ele-
vated in patients suffering from severe CRSWNP or asthma. Hence,
CD45RO" ILC2s may represent an important new therapeutic tar-
get for improving the treatment of type 2 respiratory diseases.

MATERIALS AND METHODS

Study design

The goal of this study was to use transcriptome and flow cytometry
analyses to identify molecular features that separate resting from
activated inflammatory ILC2s in humans. We used PB mononuclear
cell (PBMC) fractions from HCs and patients with asthma (from
a cohort of 62 patients), NPs from chronic rhinosinusitis patients,
and noninflamed nasal TB tissue from HCs to isolate ILC2s from differ-
ent tissue microenvironments. An in vitro culture system was used
for validation and functional studies.

Participants

NPs were collected from patients with chronic rhinosinusitis un-
dergoing endoscopic sinus surgery. Noninflamed nasal inferior TBs
were obtained from patients that underwent corrective surgery for
hypertrophy with or without septoplasty. Written informed consent
was obtained in accordance with approved protocols by the Medical
Ethical Committee of the Academic Medical Centre (Amsterdam)
and the Erasmus MC (Rotterdam). Buffy coats were provided by the
Sanquin Blood bank. Patients with asthma (aged 18 to 75) were re-
cruited by the Franciscus Gasthuis and Vlietland hospital in Rotterdam.
Smokers (>10 pack-years), obese patients (body mass index > 35),
and patients who received systemic corticosteroid therapy 3 months
before blood draw were excluded. Healthy age- and gender-matched
individuals were recruited as controls. Cohort characteristics are
shown in table S3. Patients with asthma filled in a standardized
ACQ and were scored into the following groups: controlled (<0.75),
partially controlled (0.75 to 1.5), and uncontrolled (>1.5) asthma
(54). Patients were also subdivided into low (0 to 500 dose equiva-
lent units), medium (500 to 1000 dose equivalent units), and high
(>1000 dose equivalent units) inhaled steroid intake groups by
converting their individual steroid dosage to dose equivalent
units according to recently published guidelines (75). “Steroid-
sensitive” patients were identified as those with low ACQ score
(<0.75) regardless of their steroid dose, whereas “steroid-resistant”
patients were identified as those with a high ACQ score (>1.5) in
combination with high steroid dosage (>1000 dose equivalent units,
see above). All participants provided a written informed consent,
and all experimental procedures were reviewed and approved by
the Medical Ethical Committees of the Franciscus Gasthuis and
the Erasmus MC.

Isolation of cells

Nasal tissues were processed as previously described (76). PBMCs
were isolated from buffy coats or asthma patient blood draws as
previously described (77).
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Flow cytometry analysis and sorting

To purify ILC2s for cultures, PBMCs from buffy coats were first
depleted for lineage™ cells (CD3, CD4, CD16, CD14, and CD19) by
magnetic-activated cell sorting (MACS) using MojoSort streptavi-
din Nanobeads (BioLegend) and LD Columns (Miltenyi Biotec).
After MACS, cells were rested overnight in RPMI 1640 medium
supplemented with 5% fetal calf serum (FCS) at 4°C. The next
morning, cells were extracellularly stained with antibodies for 30 min
at 4°C and with LIVE/DEAD Fixable aqua for 15 min at 4°C.
CD45RA™ ILC2s were sorted by fluorescence-activated cell sorting
(FACS) using FACSAria III (BD Biosciences). ILC2s were identi-
fied as lineage CD127"'CD56 CRTH2" (lineage™ defined as CD3,
CD4, CD14, CD16, CD5, CD9%4, CD19, FCeRI, and TCRY3 nega-
tive; see fig. S1C for gating strategy), as recently described in detail
(76). Table S$4 lists antibodies to human proteins used for phenotyping
and cell sorting. ILC2s were isolated from NP as described previously
(76). For intracellular cytokine stainings, cells were stimulated with
PMA (10 ng/ml; Sigma-Aldrich) and ionomycin (500 nM; Merck)
in the presence of GolgiStop (BD Biosciences) for 3 hours at 37°C.
Cells were fixed with paraformaldehyde (2%, 10 min, 4°C) and per-
meabilized with saponin (0.5%, 30 min at room temperature). For
intracellular transcription factor staining, cells were fixed with the
eBioscience Foxp3/Transcription Factor Fixation/Permeabilization
Concentrate and Diluent as described by the manufacturer. To an-
alyze cell proliferation, sorted CD45RA" ILC2s were incubated with
carboxyfluorescein diacetate succinimidyl ester (CFSE) (Thermo
Fisher Scientific, 50 uM) in phosphate-buffered saline (PBS)
for 10 min at 37°C. An excess of RPMI with 10% FCS was added
to block the reaction, and cells were washed twice with Yssel’s
medium (see below) before culture. Cells were analyzed after 4 days
of culture. Cell survival upon dexamethasone treatment was mea-
sured by staining cells with annexin V-phycoerythrin (PE) and
7-aminoactinomycin D (7-AAD; BD Biosciences) according to the
manufacturer’s instructions. The volume of annexin V and 7-AAD
added was lowered from 5 to 2.5 ul per well to adjust for the lower
numbers of cells analyzed per well. For analysis by flow cytometry,
data were acquired on an LSR II flow cytometer (BD Biosciences) or
LSRFortessa (BD Biosciences) and analyzed with Flow]Jo software
(Tree Star Inc., USA).

ILC2 cultures and analysis of cytokine production

Sorted ILC2s were cultured in Yssel’s medium (made “in house,”
Erasmus MC, Rotterdam) (78) supplemented with 1% normal
human serum. Cells (2000 to 5000) were stimulated for 3 to 7 days
with combinations of IL-2 (10 U/ml), IL-7 (20 ng/ml), IL-25 (20 ng/ml),
IL-33, TSLP, IL-4, IL-12, IL18, IL-23, TGFR, and IL-1p (all 50 ng/ml,
unless stated otherwise). When indicated, dexamethasone was added
to the culture medium (107> to 107 M, Sigma-Aldrich), starting either
at day 0 or after 7 days of prestimulation with the indicated cyto-
kines. For AP-1 inhibition, the small-molecule inhibitor T-5224
(MedChemExpress) was added to the culture medium (20 uM) at
day 0. For CD45 phosphatase inhibition, NQ301 (Sigma-Aldrich)
was added to the culture medium (25 nM) at day 0. IL-5 (Thermo
Fisher Scientific) and IL-13 (BioLegend) levels were measured in
culture supernatants by enzyme-linked immunosorbent assay (ELISA),
using the manufacturer’s protocols. For single-cell cloning, single
CD45RA" ILC2s were sorted in 96-well plates coated with ~3000
OP9-DL4 cells in Yssel's medium supplemented with 1% normal hu-
man serum. Individual ILC2s were stimulated either with IL-2 (5 U/ml)
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and IL-7 (10 ng/ml) or with IL-2 (5 U/ml), IL-33 (25 ng/ml), and
TSLP (25 ng/ml). Cells were kept in culture for 21 days before pheno-
typic analysis as described above.

Quantitative PCR

RNA was isolated from sorted or cultured ILC2s using the RNeasy
Micro Kit (Qiagen) according to the manufacturer’s instructions.
RNA was synthesized into complementary DNA using RevertAid H
Minus Reverse Transcriptase and random hexamer primers in the
presence of RiboLock RNase inhibitor (Thermo Fisher Scientific).
For quantitative reverse transcription polymerase chain reaction
(qRT-PCR) reactions, probes from the Universal ProbeLibrary Set
(Roche Applied Science) and TagMan Universal Master Mix were
used (Applied Biosystems, Foster City, CA, USA). qRT-PCRs were
performed using the Prism 7300 Sequence Detection System (Ap-
plied Biosystems).

Transcriptome analysis using microarrays

RNA was isolated from sorted or cultured ILC2s as previously de-
scribed (79). Briefly, total RNA was isolated from sorted cells flash-
frozen in PBS and stored at —80°C before RNA extraction. QIAzol
Lysis Reagent (Qiagen) was added to the cells, and RNA was isolated
and purified using the RNeasy Micro Kit (Qiagen). Total RNA was
amplified using the GeneChip WT Pico Kit (Thermo Fisher Scientific),
generating biotinylated sense-strand DNA targets. Labeled samples
were hybridized to human Clariom D Pico arrays (Thermo Fisher
Scientific). Washing and staining were performed with GeneChip
Fluidics Station 450, and scanning was conducted using GeneChip
Scanner 3000 (both Thermo Fisher Scientific). All cell populations
were analyzed in triplicate; data analysis was performed in RStudio
(v1.1.383). Raw data were normalized using the RMA algorithm
implemented in the limma Bioconductor R package (80). Adjusted
P values were calculated with a moderated ¢ test corrected for multi-
ple testing using the Benjamini-Hochberg method. Data were visu-
alized using glimma and pheatmap R packages (81).

RNA sequencing and downstream analysis

RNA was isolated from sorted or cultured ILC2s using the RNeasy
Micro Kit (Qiagen) according to the manufacturer’s instructions.
Library preparation, high-throughput sequencing, and read align-
ment were performed as previously described (12). Sample scaling
and statistical analysis were performed using the R package DESeq2
(82); genes with >0.5 absolute log, fold change and an adjusted
P <0.1 (Wald test) were considered differentially expressed. Standard
reads per kilobase per million (RPKM) values (or log,-transformed) were
used as an absolute measure of gene expression. Genes with average
RPKM < 1in both experimental groups compared were considered not
expressed and excluded from downstream analysis. Principal compo-
nents analysis was conducted using the prcomp() function in R (ex-
ecuted from R Studio v1.1.383). K-means clustering was performed
using Past3 software (https://folk.uio.no/ohammer/past/). Heatmaps,
including hierarchical clustering on gene expression values, were per-
formed using Morpheus (https://software.broadinstitute.org/morpheus/).
Pathway enrichment analysis on differentially expressed genes and
summarizing enriched pathways into gene-based networks were
performed using Metascape (83). GSEA was performed using GSEA
software (version 4.0.3, https://gsea-msigdb.org/gsea/index.jsp) in
GSEA Preranked mode with standard settings. As input, we used a
list of differentially expressed genes between PB (CD45RA™) and
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PB + type 2 (CD45RO") ILC2s (adjusted P < 0.1) preranked on the
basis of their log, fold change (CD45RO*-CD45RA™). Sets of genes
up-regulated in mouse iILC2s or nILC2s were constructed from
previously published RNA-sequencing data for mesenteric lymph
node ILC2s (GSE145289) and lung ILC2s (GSE104708). DESeq2 was
used as described above to identify differentially expressed genes
between iILC2s and nILC2s. RNA-sequencing data from human
CD4" T cells activated in vitro using anti-CD3/CD28 antibodies
(GSE73213) were downloaded and processed as described above.

ChiIP-sequencing data analysis

H3K4Me2 chromatin immunoprecipitation (ChIP)-sequencing data
from human ILC2s were obtained from the Gene Expression Omnibus
(GSE98843). Data were processed as previously described (12)
and parsed to HOMER software (84) for downstream analysis.
H3K4Me2-enriched regions were identified using HOMER findPeaks
with -region -size 1000 -minDist 2500 options. Peaks were assigned
to their nearest gene using the annotatePeaks script. Pathway en-
richment analysis on peak-associated gene lists was performed
using Metascape. Overlapping and nonoverlapping regions/peaks
between two samples were identified using HOMER mergePeaks
(-d given option), requiring a minimal overlap of 1 base pair. Peaks
showing differential enrichment (fold change > 4, cumulative Poisson
P <0.0001) were determined using HOMER getDifferentialPeaks
(-F 4 option). Histograms of ChIP-sequencing signal were gener-
ated using the annotatePeaks script (size 5000 -hist 10 options).
The HOMER findMotifsGenome script (-size 1000 -mask -len
6,8,10,12 -S 20 options) was used to search for known transcrip-
tion factor binding motifs (n = 255) in differentially enriched
H3K4Me2" regions.

Statistical analyses

Statistical significance was determined using a Mann-Whitney U or
Kruskal-Wallis test with GraphPad Prism software (v8). Statistical
analyses of transcriptome datasets are described above.

SUPPLEMENTARY MATERIALS
immunology.sciencemag.org/cgi/content/full/6/55/eabd3489/DC1

Fig. S1. Transcriptome analysis of human ILC2s from the circulation and a mucosal tissue
microenvironment.

Fig. S2. In vitro differentiation of resting CD45RA™ ILC2s into inflammatory CD45RO™ ILC2s.
Fig. S3.1LC2 conversion into a CD45R0O" inflammatory phenotype is associated with BATF and
IRF4 transcription factor activity.

Fig. S4. Circulating CD45RO" ILC2 frequencies are increased in uncontrolled and
steroid-resistant asthma.

Fig. S5. CD45R0O" inflammatory ILC2s are resistant to suppression by corticosteroids.

Fig. S6. Phenotypic conversion of CD45RA™ ILC2s by dexamethasone and mechanisms
underlying steroid resistance of CD45RO™ ILC2s.

Table S1. Differentially expressed genes between PB and NP ILC2s (Excel spreadsheet).

Table S2. Gene expression values for genes belonging to six transcription factor families across
PB, NP, and PB + type 2 ILC2s (Excel spreadsheet).

Table S3. Asthma patient cohort characteristics.

Table S4. Antibodies used in this study.

Table S5. Raw data file (Excel spreadsheet).
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Defiant ILC2s resist steroids

Group 2 innate lymphoid cells (ILC2s) contribute to the inflammation associated with human allergic airway diseases,
including asthma and chronic rhinosinusitis. Corticosteroid drugs are used to manage type 2 respiratory diseases, but
steroid resistance may arise in the course of therapy. By comparing ILC2s from inflamed nasal polyps with blood ILC2s
from healthy controls, van der Ploeg et al. observed that enhanced cytokine expression by nasal polyp ILC2s and loss
of steroid responsiveness were both associated with ILC2s becoming CD45R0 rather than CD45RA like most resting
ILC2s. Expression of the CD45R0 isoform by inflammatory ILC2s in blood was increased in patients with asthma and
correlated with more severe airway disease. CD45R0 is a candidate biomarker for human inflammatory ILC2s that
correlates with acquisition of steroid resistance.

View the article online

https://www.science.org/doi/10.1126/sciimmunol.abd3489
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of think article is subject to the Terms of service

Science Immunology (ISSN 2470-9468) is published by the American Association for the Advancement of Science. 1200 New York Avenue
NW, Washington, DC 20005. The title Science Immunology is a registered trademark of AAAS.

Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works

2202 ‘2z Arenuge4 uo Arlqi A1seAlun 1ysaain e 61o:aous s mmmy/sdiy woly papeojumod


https://www.science.org/about/terms-service



