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Unconventional ST2- and CD127-negative lung ILC2 populations 
are induced by the fungal allergen Alternaria
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MS1, Veranca S. Shah, BS1, Suzanna Gasparian, BS1, Alexa Pham, PhD1, Alice W. Wang, 
MS2, Grégory Seumois, PhD2, Michael Croft, PhD1,2, David H. Broide, MB ChB1, Taylor A. 
Doherty, MD1

1Department of Medicine, University of California, San Diego, La Jolla, CA.

2La Jolla Institute for Allergy and Immunology, La Jolla, Ca.

Summary:

We demonstrate that unconventional ST2- and CD127-negative ILC2 populations are present in 

mouse lung and are induced by Alternaria, suggesting commonly used ILC2 identification 

practices do not accurately enumerate the total burden of type 2 cytokine producing ILC2s.
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To the Editor:

In the last decade, group 2 innate lymphoid cells (ILC2s) have been recognized for their 

ability to drive type 2 responses in experimental animal models in the absence of T cells.1, 2 

Mice intranasally challenged with Alternaria alternata, a fungal allergen associated with 

severe asthma and fatal exacerbations in humans3, potently activates ILC2s via the 

IL-33/ST2 (IL-33R) axis to robustly secrete type 2 cytokines.4–6 Animal models, including 

Alternaria-induced lung inflammation in mice, have given us critical insight into pathways 

of ILC2 regulation that appear to apply to ILC2 responses in human disease.7 Thus, accurate 

identification of ILC2s in the lungs of mice is critical to future understanding of their 

biology and contribution to allergic disease. We assessed whether the conventional ILC2 

identification markers ST2 and CD127 (IL-7R) sufficiently include all type 2 cytokine-

producing ILCs in the mouse lung.
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WT mice were challenged intranasally with Alternaria for three consecutive days and 24 

hours after the last challenge BAL and lung tissue was harvested. Mice challenged with 

Alternaria demonstrated increased peri-bronchial inflammation (Fig. 1A), robust BAL and 

lung eosinophil recruitment (Fig. 1B), as well as elevated BAL IL-5 and IL-13 levels (Fig.

1C). Conventional ILC2s were identified as CD45+Lineage−Thy1.2+ST2+CD127+ 

lymphocyte-sized cells (Fig. 1D & S1A, supplemental methods). As expected, total 

conventional ILC2s expanded after Alternaria challenge (Fig. 1E). Unexpectedly, ILC 

populations lacking either or both ST2 and CD127 proliferated significantly, with reduced 

apoptosis, and represented approximately 40% of the total ILC population (Fig.1E & S1B). 

All ILC subsets varied within 10% before, during and after Alternaria (Fig. S1C) challenges 

and also displayed a robust increase in IL-5 (Fig. 1F, 1G, & S1D), IL-13 (Fig. S2A), and 

GATA-3 (Fig 1G & S2B) expression. Further, all four subpopulations also highly expressed 

CD25 (IL-2Rα), killer lectin like receptor G1 (KLRG1), inducible T cell costimulator 

(ICOS), stem cell antigen-1 (Sca-1), c-Kit, CD44, and CD69 and expression of these 

markers (except c-Kit) was up-regulated by Alternaria (Fig. S3). RAG2 knockout (KO) mice 

that lack B and T cells but have ILCs showed similar ILC subset activation after Alternaria 
challenges (Fig. S4). Overall, though conventional ILC2s represented the highest total Th2 

cytokine producing ILCs, the sum of the three unconventional populations in WT mice 

approximated 40% of the total ILC2 burden.

To confirm that processing for ILC cytokines using calcium ionophore (supplemental 

methods) did not influence the presence of IL-5 production by the different ILC subsets, we 

in performed Alternaria challenges in heterozygous IL-5 reporter (Red5) mice. 

CD45+Lineage−Thy1.2+ lymphocytes were gated and all subsets (based on ST2 and 

CD127) showed significant increases in IL-5 expression after Alternaria challenges (Fig. 

1H), though the two ST2− populations showed the lowest overall % IL-5 production 

suggesting a heterogenous mix of ILCs in these subsets. Using the same mice, we found that 

unconventional ILC2s represented approximately 25% of all IL-5+ CD45+Lineage−Thy1.2+ 

cells (Fig. 1I). Thus, in WT mice and reporter mice, 25 – 40% of ILC2s are negative for 

either or both ST2 and/or CD127.

In light of recent reports of ILC plasticity8, we investigated whether Alternaria also induced 

ILC1 and ILC3 responses. Surprisingly, IFNγ was detected in the BAL and increased 

significantly after Alternaria challenge (Fig. S5A) though IL-17A was not detected (not 

shown). IFNγ+ ILCs were increased in percent and total numbers (Fig. S5B), whereas 

IL-17A+ ILCs were largely increased in total numbers only in challenged mice (Fig. S5C). 

We found that conventional and unconventional ILC2s expressed similar levels of the ILC1 

surface marker IL-18R9, and expression was nearly doubled after Alternaria challenge (Fig. 

S5D). All four populations also expressed low levels of RORγt (Fig. S5E) and T-bet (Fig. 

S5F) relative to GATA-3, and expression was not significantly different after Alternaria 
challenge. To elucidate whether the mixed ILC phenotypes were due to hybrid cells or 

heterogenous populations, we investigated the simultaneous expression of ILC1, ILC2, and 

ILC3 cytokine production (Fig. S6A & B). We detected low levels of IL-5+IFNγ+ ILC2s 

and IL-5+IL-17A+ ILC2s in each population, and the frequency of double-positive cells 

within each ILC2 subpopulation increased with Alternaria challenge. IL-17+ cells appeared 

to be distinct from IL-5+ cells though overall IL-5+IFNγ+ and IL-5+IL-17A+ ILC2s were 
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increased following Alternaria challenge (Fig. S6A & B). In aggregate, these results suggest 

that the ILC populations contains a heterogeneous mixture of hybrid ILCs and distinct 

ILC1s and ILC3s.

We next compared these ILC populations using RNA sequencing and qPCR with FACS 

sorted lung ILC subsets (Fig. 7A & supplemental methods) from mice challenged with 

Alternaria. In agreement with our flow cytometry protein-level data, we found high levels of 

ILC2-defining surface markers, transcription factors, and cytokine transcripts expressed by 

all four subpopulations, relative to ILC1 and ILC3 signatures (Fig. 2A & B). Importantly, 

RNA-Seq and qPCR confirmatory studies demonstrated that the ST2− populations express 

reduced levels of Il1rl1 transcript (encodes ST2), and the CD127− populations express less 

Il7ra transcript (Fig. S7B & C). Consistent with the protein data, the ST2+ populations 

expressed more ILC2-related transcripts (Gata3, Il5, Il9, Il13, and Rora) compared to the 

ST2− counterparts, and the ST2+CD127− population overall expressed the greatest number 

of ILC2-related transcripts while the ST2−CD127− population generally expressed the 

lowest number of ILC2-related transcripts (Fig. 2A & B). The CD127+ populations had the 

greatest ILC3 signature compared to the CD127− counterparts, whereas the ST2−CD127− 

population had the greatest ILC1 signature. Further, PCA analysis showed that 

ST2+CD127+ and ST2−CD127+ populations are more similar, compared with the 

ST2+CD127− and ST2−CD127− populations, which are individually more unique (Fig. 2C 

& D). Ccr3, Alox5, and Itgb3 transcripts were increased in the double-positive population 

and ST2−CD127+ ILCs showed increased expression of Lta, Tnf, and Hmgb2 (Fig. 2E). 

ST2+CD127− ILCs showed elevated levels of anti-inflammatory cytokines Il10 and Il24 and 

the ST2−CD127− ILCs had ILC1/NK transcript increases in Eomes, Gzma, and Prf1. These 

results suggest that all populations contain ILC2s as well as unique transcripts supporting 

overall heterogeneity in the four subsets.

Finally, we correlated various transcript markers to the type 2 cytokine transcripts Il5 and 

Il13 across all populations. Tnfrsf18, that encodes glucocorticoid-induced TNFR family 

related gene (GITR), showed the strongest correlation with IL-5 and IL-13 transcripts, well 

above Il1rl1 (ST2) and Il7r (CD127) transcripts (Fig. 2F). Mirroring the transcript results, 

we found that GITR expression more accurately identified IL-5+ ILCs from Red5 mice by 

FACS compared with ST2 in both PBS and Alternaria challenged mice (Fig. 2G). Thus, our 

work strongly suggests that current methods of ILC2 identification do not sufficiently 

include the entire type 2 cytokine producing ILC2 population. Further, our studies highlight 

the heterogeneity and complexity of ILC responses to Alternaria alternata, a natural allergen 

associated with severe asthma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Unconventional ILC2 populations are induced by Alternaria.
(A) H&E stained lung sections (scale bar=100mm), (B) eosinophils, and (C) IL-5 and IL-13 

from PBS or Alternaria (Alt) challenged mice. Identification, frequency (D), and total 

numbers (E) of ILCs. Ki67+ frequency within ILC subpopulations (E). Frequency and total 

number of IL-5+ and GATA-3+ ILCs (F & G). % IL-5+ ILC2s gated from all Thy1.2+ ILCs 

(H) and ILC ST2/CD127 gating from all IL-5+ ILCs (I) from Red5 mice. Data shown are 

representative of two to nine independent experiments with three mice per group. *p < 0.05, 

**p < 0.01, ***p < 0.001, unpaired t test.
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Figure 2. ILC subpopulations contain ILC2 as well as heterogenous ILC transcriptomes.
RNA sequencing-derived transcript levels (A) and heat map (B) of ILC1, ILC2, ILC3 

transcripts following Alternaria challenge (B). PCA plot (C), heat map (D), and 

differentially expressed candidate genes (E) following Alternaria challenge. Transcript 

correlation with IL-5 and IL-13 (F). (G) % ST2 and GITR of IL-5+ Thy1.2+ ILCs from Fig 

1I. (A-F) Data shown are representative of a single experiment with two replicates that 

include pooled lungs from 9 mice. (G) Representative of 3 mice per group. *p < 0.05, **p < 

0.01, ***p < 0.001, unpaired t test. Unless indicated by bars, stats in (E) compared to all 

other groups.
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