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Abstract 
Purpose Innate lymphoid cells (ILCs) play essential roles in mucosal innate immunity. The 

presence and function of ILCs in human lung cancer have not been extensively studied. This 

study aimed to identify and analyze the characteristics of the predominant subgroups in lung 

cancer .  

Methods Single-cell suspensions were obtained from lung tissue diseased regions, non-diseased 

regions, and peripheral blood. The distribution of the ILC subgroups was analyzed by flow 

cytometry. The RNA of all samples was sequenced by BGI Group. Differentially expressed 
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genes (DEGs) were assessed by functional and pathway enrichment analyses. 

Results ILC3s were exclusively increased in the lung cancer diseased region. The NKp44+ ILC3 

subgroup was found in the diseased and non-diseased regions, but not in the peripheral blood. 

RNA sequencing indicated similar basic transcripts in NKp44− ILC3s and NKp44+ ILC3s, but 

more enrichment in the signal transduction pathway and signaling molecules and interaction 

pathway in NKp44+ ILC3s. Compared with in NKp44− ILC3s, gene transcripts tended to be 

upregulated in NKp44+ ILC3s in the Ras, RAP1, Jak-STAT, Notch, NF-κB, and Toll-like 

receptor signaling pathways and downregulated in the TGF-β signaling pathway. In the signaling 

molecules and interaction pathway, levels of most key molecules were higher in NKp44+ ILC3s 

in the cell adhesion molecules and cytokine-cytokine receptor interaction pathways.  

Conclusion ILC3s was the dominant group in lung cancer and NKp44+ILC3s was significant in 

diseased region. By transcripts analysis, the upregulated pathways in NKp44+ ILC3s enable 

survival, proliferation, activation, interleukin production, and antigen presentation. Our results 

provide the transcript landscape of DEGs in NKp44+ and NKp44− ILC3s in lung cancer, 

providing a theoretical basis for further study of potential therapies. 

 

Keywords: Human lung cancer, NKp44+ ILC3s, NKp44− ILC3s, regional immunity, RNA 

sequence, tumor microenvironment. 

 

Introduction 

Lung cancer is an important disease in humans. The innate immune system of the lung 

mucosa is the front line of antitumor immunity. Innate lymphoid cells (ILCs) were recently 

discovered as new members of the mucosal innate immune system. ILCs are essential for 

mucosal surveillance, defense, and homeostasis (Eberl et al., 2015; Spits et al., 2013). Based on 

cytokine secretion ability and transcription factors that are essential for ILC development and 

maintenance, ILCs are classified into three groups. Group 1 ILCs (ILC1s) express the 

transcription factor T-bet and produce interferon- (IFN-) and TNF-α. Group 1 also can be said 

to include natural killer (NK) cells, which rely on the transcription factors T-bet and EOMES. 

Group 2 ILCs (ILC2s) secrete type 2 cytokines and are functionally regulated by GATA3. Group 

3 ILCs (ILC3s) are characterized by RORγt, which produces IL-17, IL-22, or both (Spits et al., 

2013; Spits and Cupedo, 2012).  
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ILCs play important roles in lung mucosal immunity and inflammation (Lai et al., 2016). 

Among the ILCs, NK cells have been the most widely studied. They are important contributors 

to host defense against tumors and viruses and are involved in asthma, chronic obstructive 

pulmonary disease, and bacterial resistance (Cong and Wei, 2019). ILC1s play a predominant 

role in the lung eliminating pathogens (Silver et al., 2016). ILC2s have the ability to maintain 

airway mucosal stability (Monticelli et al., 2011) and clear parasites (Maizels et al., 2012). 

ILC2s participate in the development of asthma (Scanlon and McKenzie, 2012) and pulmonary 

fibrosis (Hams et al., 2014; Wohlfahrt et al., 2016). ILC3s promote obesity and asthma by 

producing IL-17 (Kim et al., 2014), and they produce IL-17 and IL-22 to clear bacterial 

infections (Van Maele et al., 2014). In human lung cancer tissues, ILC3s produce IL-17, IL-22, 

and lymphotoxin, which have antitumor effects (Carrega et al., 2015).  

However, the characteristics of human ILCs in the pulmonary tumor microenvironment 

have not been thoroughly evaluated in lung cancer. In this study, we investigated the distribution 

of ILCs and their subgroups throughout the lung tissue diseased region, non-diseased region, and 

peripheral blood of adult lung cancer patients. We further analyzed the differences between 

NKp44+ and NKp44− ILC3s in the diseased and non-diseased regions by high-throughput RNA 

sequencing (RNA-seq). 

 

Materials and methods 

Patients and samples 

Tissues of lung cancer regions and distal matched non-cancer regions were collected from 

patients with lung cancer who underwent surgical resection. Diseased and non-diseased regions 

were confirmed by pathological evaluation. Peripheral blood was also collected from the 

patients; however, in some cases, peripheral blood could not be obtained. None of the subjects 

underwent chemotherapy or radiotherapy before resection. Mononuclear cells were isolated from 

the peripheral blood samples of healthy donors, who were generally in good health without 

symptoms of infection for at least 1 week prior to sample collection. The samples were 

confirmed to be free from human immunodeficiency virus, hepatitis B virus, and hepatitis C 

virus infections. All samples were collected from patients who visited the First Hospital of Jilin 

University. Patient data are shown in Table S1. 
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Single-cell suspensions from lung tissue 

Lung tissues were rinsed with cold phosphate-buffered saline (PBS) to remove residual 

blood, cut into small pieces (<3 mm), and incubated at 37 °C for 40 min in digestion medium 

containing RPMI 1640 media, collagenase IV (1 mg/mL, Roche, Basel, Switzerland), DNase (15 

µg/mL, Sigma, St. Louis, MO, USA), 2 % fetal bovine serum, and 1 % penicillin/streptomycin. 

After digestion, the cells were filtered through a 70 µm filter and subjected to red blood cell 

lysis. Mononuclear cells were isolated from the blood samples using Ficoll-Paque Plus (GE 

Healthcare, Little Chalfont, UK). 

 

Flow cytometry staining and analysis 

For ILC staining, single-cell suspensions were stained with fluorescein isothiocyanate-

conjugated lineage cocktail (Lin) (CD3, CD14, CD19, CD20, CD94, CD34, CD1a, CD11c, 

CD123, TCRα/β, TCRγ/δ, and FCR), BV605-conjugated CD117, phycoerythrin (PE Cy7)-

conjugated CD294 (CRTH2), Percp-cy5.5-conjugated CD127, allophycocyanin (APC)-H7-

conjugated CD45, PE-conjugated CCR6, PE-conjugated CCR7, PE-conjugated ICOS, PE-

conjugated NKp30, PE-conjugated NKp46, live-dead stain (Aqua), and Fc block in PBS 

containing 0.5 % bovine serum albumin at 4 °C for 20 min. The cells were analyzed using the 

gating strategy shown in Figure 1a.  

 

Cell sorting and RNA sequencing 

Single cells were stained with Lin, PE/Cy7-conjugated CD294 (CRTH2), Percp-cy5.5-

conjugated CD127, APC-H7-conjugated CD45, and Fc block in PBS containing 0.5 % bovine 

serum albumin at 4 °C for 20 min. The cells were sorted according to the gating strategy shown 

in Figure 1a. Sorted cells were collected in cell lysis buffer for RNA isolation and immediately 

stored in liquid nitrogen. The RNA from all samples was sequenced by the BGI Group 

(Guangdong, China). 

 

Statistical analysis 

Flow cytometry data were acquired with LSR Fortessa running DiVa software (BD 

Biosciences, Franklin Lakes, NJ, USA) and analyzed using FlowJo software (FlowJo, Ashland, 

OR, USA). To compare flow cytometry data among different groups, a t-test was performed, and 
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paired group data from the same patient were analyzed using a paired t-test. The relationships 

between ILCs and other immune cells were analyzed using a linear regression test. The 

associations between ILC subgroups and clinical data were determined using Fisher’s exact test. 

Patient characteristics are expressed as the mean ± SD. Flow cytometric data are expressed as the 

mean ± SEM. All data analyses were performed using GraphPad Prism software (version 5.0; 

GraphPad, Inc., La Jolla, CA, USA). Statistical significance was set at P < 0.05. 

RNA-seq for differentially expressed gene (DEG) analysis employed an R package to 

identify DEGs or isoforms for data from different samples; the detailed method was described by 

Wang et al. (2010).  

 

Results 

NKp44+ ILC3s were more common in diseased than non-diseased regions in lung tissue and 

almost absent in the peripheral blood of patients with lung cancer 

ILCs were initially identified as lineage-negative non-T and non-B cells without antigen 

recombinant gene expression; however, the surface antibodies present in this family remain 

controversial. In some previous studies, only T and B cells were removed, whereas others 

suggested that the purity of ILCs increased when a more rigorous gate marking strategy was 

used. There is currently no consensus regarding the definite phenotype of ILC1s, including 

intestinal endothelium ILC1s, cNK, CD127− ILC1s, and CD127+ ILC1s. Thus, we focused on 

the distribution of CD127+ ILCs: ILC1s, ILC2s, and ILC3s. LTi cells are difficult to separate 

based on their marker expression; therefore, LTi may be included in the ILC3 group, as 

previously reported (Carrega et al., 2015; Simoni et al., 2017). To ensure the purity of ILCs, we 

applied a strict lineage gating strategy based on previous reports (Bernink et al., 2013; 

Hazenberg and Spits, 2014; Mjosberg et al., 2011). 

To determine the differences in ILCs between the lung cancer microenvironment and 

peripheral immune organs, we compared the distribution of ILCs in the diseased region, non-

diseased region, and peripheral blood from the same patient. The percentage of ILCs/CD45+ cells 

in the lung cancer region was 0.25 ± 0.03 %, which was higher than that in the peripheral blood 

(0.15 ± 0.02 %) (P < 0.05), whereas the lung cancer region and non-diseased region showed no 

significant difference (Figure 1b). Additionally, the absolute number of ILCs per gram in the 

lung cancer region was higher than that in the non-diseased region (P < 0.01) (Figure 1b), 
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whereas no significant difference in ILCs was observed between the peripheral blood samples 

from patients and healthy donors.  

The %ILC1s/ILCs in the diseased region was significantly lower than in the non-diseased 

region (P < 0.01), whereas the %ILC1s/ILCs in the peripheral blood of lung cancer patients was 

56.64 ± 3.49 %, which was significantly higher than in both the diseased and non-diseased 

regions (P < 0.001) (Figure 1c). Furthermore, there was also no significant difference 

in %ILC2s/ILCs among the diseased region, non-diseased region, and peripheral blood (Figure 

1c). Additionally, the percentage of ILC3s/ILCs in the diseased region was 54.14 ± 2.80 %, 

which was significantly higher than that in the non-diseased region and peripheral blood (Figure 

1c).  

According to the expression of NKp44, ILC3s can be classified into NCR− ILC3s (NKp44− 

ILC3s) and NCR+ ILC3s (NKp44+ ILC3s); therefore, we further analyzed the ILC3s by gating 

for NKp44 (Figure 1d). There was no significant difference in %NKp44− ILC3s/ILCs between 

diseased and non-diseased regions. The percentage of NKp44+ ILC3s in ILCs was higher in 

diseased regions than non-diseased regions. Furthermore, only very low levels were detected in 

the peripheral blood (Figure 1e). 

 

Transcriptional sequencing revealed that NKp44+ and NKp44− ILC3s shared some general 

gene transcripts 

To further compare NKp44− and NKp44+ ILC3s, we determined the transcriptomic profiles 

of these two groups in the lung tissue of three patients with lung cancer by RNA-seq. We 

detected numerous genes, including known and novel genes, which are predicted coding 

transcripts that were previously unknown (Figure 2a). Figure 2b shows the gene expression 

number of different fragments per kilobase of transcript per million mapped reads (FPKM). We 

classified the gene expression number in three different FPKM ranges (FPKM ≤ 1, FPKM 1–10, 

and FPKM ≥ 10). FPKM value ≥ 10 was the highest expression level, whereas FPKM value ≤ 1 

indicated a low expression level.  

Analysis of the basic characteristics of RNA transcript expression in NKp44+ and NKp44− 

ILC3s in the diseased and non-diseased regions showed that IL-7R (CD127), KLRB1 (CD161), 

and ID2 were highly expressed. Moreover, AHR showed moderate expression and NCR2 

(NKp44) was nearly absent in NKp44− ILC3s, which was expected given that we had sorted 
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NKp44− ILC3s. Alternatively, in the non-diseased region, NCR2 was expressed less than in the 

diseased region. GATA3 and RORC were both expressed in the NKp44+ and NKp44− ILC3 

groups, whereas TBX21 was not expressed in either group. PTGDR2, the CRTH2 transcript, was 

not expressed in ILC3s (Figure 2c).  
 

Comparison of NKp44− and NKp44+ ILC3s yielded numerous DEGs 

Comparison of NKp44+ and NKp44− ILC3s in the entire dataset revealed numerous DEGs. 

Compared with NKp44+ ILC3s, NKp44− ILC3s had 10 860 DEGs, with 4926 upregulated genes 

and 5934 downregulated genes, whereas 19 429 genes were not differentially expressed (Figure 

3b). Figure 3b shows the expression (log2 fold-changes from their FPKM values) of some of the 

genes in the three samples. Upregulated and downregulated clusters, as well as genes without 

significant differential expression, can be observed in the figure.  

Using DEGs, we performed Gene Ontology (GO) classification for biological process 

enrichment of the DEGs. We compared the biological processes of NKp44+ and NKp44− ILC3s. 

Most DEGs were found to be related to cellular processes, biological regulation, metabolic 

processes, and response to stimuli (Figure 3b). Compared with in NKp44+ ILC3s, more genes 

were downregulated in NKp44− ILC3s.  

To analyze the function of NKp44+ and NKp44− ILC3s, we performed DEG by Kyoto 

Encyclopedia of Genes and Genomes (KEGG) pathway classification and functional enrichment. 

The pathway classification contained cellular processes, environmental information processing, 

genetic information processing, human diseases, metabolism, and organismal systems. Here, we 

focused on their function in innate immunity in the lung cancer tumor environment; therefore, 

we analyzed the pathway with the most DEGs in the environmental information processing and 

immune system. There were 2852 DEGs in the signal transduction pathway and 982 DEGs in the 

signaling molecules and interaction pathway (Figure 3c).  

 

In the signal transduction pathway, most DEGs were involved in the Ras, RAP1, Jak-STAT, 

TGF-β, Notch, NF-κB, and Toll-like receptor signaling pathways 

In the signal transduction pathway, most DEGs were involved in the Ras, RAP1, Jak-STAT, 

TGF-β, Notch, NF-κB, and Toll-like receptor signaling pathways. In these pathways, the 

percentages of known DEGs with pathway annotation ranged from 2.00 % in the Ras pathway to 
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0.61 % in the Toll-like receptor signaling pathway (Figure 4a). Compared with in NKp44+ 

ILC3s, there were more downregulated genes in NKp44− ILC3s for the Ras, RAP1, Jak-STAT, 

Notch, NF-κB, and Toll-like receptor signaling pathways, whereas there were more upregulated 

genes for the TGF-β signaling pathway (Figure 4b).  

In the Ras pathway, BAD, BCL2L1, CSF1, EFNA1, PLA2G4A, PLA2G16, VEGFA, FGF20, 

and LRRC57 transcripts were highly expressed in NKp44+ ILC3s, and higher than in NKp44− 

ILC3s. (Figure 4c). 

In the RAP1 pathway, CSF1, EFNA1, VEGFA, ST7, FGF20, PLEKHA5, and ORAOV1 

transcripts were highly expressed in NKp44+ ILC3s, higher than in NKp44− ILC3s. CDH1, 

ITGB3, MAPK13, MAPK12, PARD3, and FAM171A1 transcripts were more highly expressed in 

NKp44+ ILC3s. These genes are involved in cell adhesion, migration, polarity, proliferation, 

survival, and gene activation (Figure 4c). 

In the Jak-STAT signaling pathway, BCL2L1, TMEM50B, CDKN1A, CSF2, IL2RB, LIF, 

STAT3, OSMR, LEPROT, and IL23R transcripts were highly expressed in NKp44+ ILC3s, higher 

than in NKp44− ILC3s. (Figure 4c). 

In the TGF-β signaling pathway, CREBBP, E2F4, PPP2R1A, BAMBI, and CRIM1 were 

highly expressed in NKp44− ILC3s, higher than in NKp44+ ILC3s. BMPR1A, CRYBA4, CRYGS, 

EP300, IFNG, INHBA, TGFB1, UPK3A, NOG, and FSTL3, transcripts were moderately 

expressed in NKp44− ILC3s, higher than in NKp44+ ILC3s (Figure 4c). 

In the Notch signaling pathway, DTX3, APH-1, CPNE7, NCSTN, NUMB, TLE4, RBPJ, 

GRN, EP300, DVL3, and CREBBP transcripts were moderately expressed in both NKp44− and 

NKp44+ ILC3s. Compared with in NKp44+ ILC3s, gene transcripts including APH-1, CPNE7, 

NUMB, RBPJ, and GRN 1 were downregulated in NKp44− ILC3s (Figure 4c).  

In the NF-κB pathway, MAP3K7CL, LY96, TRADD, TRAF3, SYK, LTB, IL1B, ICAM1, 

CHUK, and BCL2L1 transcripts were moderately expressed in both NKp44− and NKp44+ ILC3s. 

BCL2L1, IKBKG, VCAM1, CXCL12, CCL19, and ICAM1, which are involved in inflammation, 

immunity, cell survival, and other pathways, were upregulated in NKp44+ ILC3s (Figure 4c). 

In the Toll-like receptor signaling pathway, the transcript levels of CD40, CD80, CHUK, 

CTSK, FADD, IFNB1, IKBKE, IRF7, LBP, LY96, MAP3K7CL, MAPK12, MAPK13, PIK3R2, 

SPP1, TLR2, TLR3, TLR5, TLR6, TLR8, TMED7-TICAM2, TWF2, and WSCD2 were higher in 

NKp44+ than in NKp44− ILC3s; CD40, CTSK, IKBKE, and LY96 transcript levels in particular 
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were obviously increased (Figure 4c).  

 

In the signaling molecules and interaction pathway, more DEGs were clustered in the cell 
adhesion molecules and cytokine-cytokine receptor interaction pathways 

In the signaling molecules and interaction pathway, most DEGs were concentrated in the 

cell adhesion molecules and cytokine-cytokine receptor interaction pathways. The cell adhesion 

molecules pathway included 1.69 % of the total DEGs with pathway annotation (Figure 5a). 

Compared with NKp44+ ILC3s, NKp44- ILC3s had 63 downregulated genes and 35 upregulated 

genes in the cell adhesion molecules pathway (Figure 5b). In the cytokine-cytokine receptor 

interaction pathway, 2.1 % of the DEGs were annotated with pathway annotation (Figure 5a). 

Compared with NKp44+ ILC3s, NKp44－ ILC3s had 74 upregulated genes and 48 upregulated 

genes in this pathway (Figure 5b). 

CSF1, CSF2, LIF, TNFSF13, TNFSF4, VEGFA, IL1B, IL23A, and LTB transcripts were 

highly expressed in both NKp44− and NKp44+ ILC3s, whereas CSF1, CSF2, LIF, LTB, 

TNFSF13, TNFSF4, and VEGFA transcript levels were higher in NKp44+ ILC3s. IL1B and 

IL23A transcript levels were higher in NKp44− ILC3s. IL22 and TGFB1 transcripts were 

moderately expressed in NKp44− ILC3s and were higher than in NKp44+ ILC3s. IL17C 

transcripts were moderately expressed in NKp44+ ILC3s and were higher than in NKp44− ILC3s 

(Figure 5c).  

CCL5, CCL7, CCL19, CCL20, CXCL9, CXCL12, and CXCL13 transcript levels were higher 

in NKp44+ ILC3s. Among these genes, CCL5 and CCL20 transcripts were highly expressed. 

CCL3, CCL13, and CCL14 transcript levels were higher in NKp44− ILC3s (Figure 5c). 

HLA, including HLA-DQA1, HLA-DQB1, HLA-DRB1, HLA-DRB3, and HLA-DRB5, was 

highly expressed in both NKp44− and NKp44+ ILC3s, with higher expression levels in NKp44+ 

ILC3s. HLA-DOB and HLA-DQB2 transcripts had moderate expression in NKp44+ ILC3s and 

low expression in NKp44+ ILC3s (Figure 5c). 

CD2, CD40, ICAM1, ITGAV, LEPROT, ITGAM, LRRC70, MPZL2, SDC4, SELL, SELPLG, 

and ICOS were highly expressed in NKp44− and NKp44+ ILC3s, with higher expression of CD2, 

CD40, ICAM1, LEPROT, MPZL2, and SDC4 in NKp44+ ILC3s. Expression of SDC1, SELL, 

SELPLG, ITGAM, and LRRC70 was higher in NKp44− ILC3s. CD276, CD80, CTLA4, ICOSL, 

and VCAM1 had moderate expression in NKp44+ ILC3s and low expression in NKp44− ILC3s 
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(Figure 5c).  

 

Discussion 

The tissue microenvironment is vital for the development and differentiation of ILCs. ILC 

progenitors reportedly seed themselves into tissues in both the embryonic and adult phases and 

undergo further development and differentiation in the tissue microenvironment (Bando et al., 

2015; E et al., 2014; Vivier et al., 2018). ILC3s are the dominant group in the colon, lymph 

nodes, and spleen (Yudanin et al., 2019). Our findings showed that ILC3s were also the 

dominant group in the lung, which is consistent with the former report (Carrega et al., 2015). 

ILC3s exhibit a high degree of heterogeneity and express varying levels of surface markers. 

According to NKp44, ILC3s can be classified into NKp44− and NKp44+ ILC3s. NKp44− ILC3s 

have multi-differentiation potential and can differentiate into NKp44+ ILC3s in vitro (Lim et al., 

2017). Our findings show that in lung cancer, the number of NKp44+ ILC3s is increased in the 

diseased region. Carrega et al. (2015) suggested that tumor NCR+ ILC3s interact with both lung 

tumor cells and tumor-associated fibroblasts by binding to the NKp44 receptor, resulting in 

cytokine release(Carrega et al., 2015). The increase in NKp44+ ILC3s may play a role in the 

cancer immunity cycle in lung cancer. The shift from NKp44− to NKp44+ ILC3s evoked our 

interest. Therefore, we used RNA-seq to compare NKp44− and NKp44+ ILC3s in lung cancer 

tissues to reveal their characteristics. 

Transcript sequencing revealed that NKp44− and NKp44+ ILC3s shared some general gene 

transcripts. Both expressed ID2, GATA3, and AHR transcripts, which are necessary factors for 

ILC development, similar to reports on human peripheral blood and tonsils (Bjorklund et al., 

2016; Lim et al., 2017; Simoni et al., 2017). Both cell types expressed RORc, but not TBOX21. 

Additionally, they did not express CRTH2 transcripts. These results are consistent with those of 

previous studies in human peripheral blood, tonsils, spleens, and small intestines (Bjorklund et 

al., 2016; Lim et al., 2017; Simoni et al., 2017; Yudanin et al., 2019). NKp44+ and NKp44− 

ILC3s highly expressed transcripts including IL2R and IL7R, which are essential for ILC 

survival. 

Between NKp44− with NKp44+ ILC3s, the signal transduction pathway had the greatest 

number of DEGs. In the Ras signaling pathway, P13K, IKK, BAD, and BCL-x, which are 

related to cell survival, growth, and migration, were upregulated in NKp44+ ILC3s. In the RAP1 
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pathway, talin, integrin, PAR3, Cad, and p38MAPK were upregulated in NKp44+ ILC3s. These 

molecules are related to cell adhesion, migration, and proliferation. These signaling pathways 

may enhance the biological function of NKp44+ ILC3s in lung cancer.  

The signal transduction pathway influences ILC3 phenotype transformation. Notch 

signaling contributes to the transition of NCR (−) cells into NCR (+) cells, which are the more 

proinflammatory subset (Chea et al., 2016; Viant et al., 2016). TGF-β signaling impairs the 

generation of NCR+ ILC3s in vivo (Viant et al., 2016). Our results show that key molecules in 

the Notch signaling pathway are more abundant in NKp44+ than NKp44− ILC3s, whereas the 

TGF-β signaling pathway is downregulated in NKp44+ ILC3s. This result is consistent with the 

hypothesis that the plasticity of ILC3s is regulated by the balance between the opposing effects 

of Notch and TGF-β signaling (Viant et al., 2016). 

In the JAK-STAT signaling pathway, the activation of STAT3 is a key event in promoting 

ILC3 functions and is related to the production of IL-17 and IL-22 (Guo et al., 2014; Rankin et 

al., 2016). In our results, STAT3 was upregulated in NKp44+ ILC3s compared with in NKp44− 

ILC3s. Il17 transcript levels were higher in NKp44+ ILC3s than in NKp44− ILC3s, whereas Il22 

transcript levels were lower in NKp44+ ILC3s. In previous reports, tonsil NKp44+ ILC3s were 

shown to produce more IL-22 than NKp44− ILC3s in vitro after stimulation(Crellin et al., 2010; 

Hoorweg et al., 2012). Single-cell RNA sequencing of tonsil ILCs revealed that Il22 transcript 

expression in ILC3s was low (Bjorklund et al., 2016). Our results reflect the resting state of 

ILC3s in the tumor microenvironment without any in vitro stimulation. The reason for the lower 

IL-22 and higher IL-17 transcript levels in NKp44+ ILC3s in lung cancer requires further 

analysis. 

In the NF-κB pathway, our results showed that levels of adhesion molecules (ICAM-1 and 

VCAM-1) were higher in NKp44+ ILC3s, which enhanced lymphocyte adhesion, T cell co-

stimulation, and inflammation. The NF-κB pathway enhances the levels of growth factors (GM-

CSF, G-CSF, and M-CSF). NKp44+ ILC3s expressed high levels of CSF1 and CSF2, which play 

essential roles in the regulation of survival, proliferation, and differentiation of hematopoietic 

precursor cells, especially mononuclear phagocytes, such as macrophages and monocytes. In 

addition, chemokine levels were increased in NKp44+ ILC3s in lung cancer and enhanced the 

infiltration of immune cells. Therefore, NKp44+ ILC3s may play an important role in innate 

immunity and inflammatory processes. 
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Previous reports have shown that ILCs express TLR2, TLR3, and TLR9. TLR3 increases 

ILC synthesis of TNF-α (Marafini et al., 2015). TLR2 signaling induces LTi-like ILC production 

by IL-5, IL-13, and IL-22 (Crellin et al., 2010). More upregulated molecular transcripts of the 

Toll-like receptor signaling pathway were detected in NKp44+ ILC3s than in NKp44− ILC3s. 

TLR2 and TLR5 transcript expression was higher in NKp44+ ILC3s. The Toll-like receptor 

signaling pathway activated in NKp44+ ILC3s may mediate the production of downstream 

cytokines, which are involved in the early immune defense.  

MHCII is expressed in ILC2s and ILC3s. Human ILC2s express MHCII and present 

antigens to T cells (Oliphant et al., 2014). ILC3s maintain intestinal homeostasis through 

MHCII-dependent interactions with CD4+ T cells that limit pathogenic adaptive immune cell 

responses to commensal bacteria (Hepworth et al., 2013). MHCII transcript levels were higher in 

NKp44+ than in NKp44− ILC3s. MHCII participates in antigen presentation and may link innate 

and acquired immunity in lung cancer.  

The expression of cell adhesion molecules, including CD40, ICOS, ICOSL, and CD80, was 

higher in NKp44+ ILC3s in lung cancer. CD40 can upregulate co-stimulatory molecules, activate 

antigen-presenting cells (APCs), and influence T cell functions (Xu and Song, 2004). ILC2s 

overexpress ICOS and promote ILC2 activation and amplification in the lungs (Kamachi et al., 

2015). Additionally, the ICOS-ICOSL interaction on ILC2s activates the STAT5 signaling 

pathway on ILC2s to maintain cell survival (Maazi et al., 2015). Elevated levels of ICOS and 

CD40 molecules activate the function of NKp44+ ILC3s. CD80 and ICOSL are expressed on 

APCs and bind to T cell receptors to regulate their immune response (Peach et al., 1995; 

Yoshinaga et al., 2000). Elevated CD80 and ICOSL may enable NKp44+ ILC3s to modulate T 

cell function.  

CD276 and CTLA4 are important checkpoints that regulate immune cell activity and 

antitumor immunity. Expression of both CD276 and CTLA4 was upregulated in NKp44+ ILC3s 

compared with in NKp44− ILC3s, indicating that NKp44+ ILC3 activity may be downregulated 

by these molecules. Thus, blocking CD96, CD276, and CTLA4 activity may be an effective 

method for activating ILC3s.  

In summary, the number of NKp44+ ILC3s is increased in the diseased regions of lung 

cancer. In transcript-level analysis, NKp44+ and NKp44− ILC3s were generally similar, while 

numerous DEGs were found between these two subgroups. In the signal transduction pathway 
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and signaling molecules and interaction pathway, more genes were upregulated in NKp44+ 

ILC3s. These pathways are related to survival, proliferation, activation, interleukin production, 

and antigen presentation. To the best of our knowledge, this is the first study has provided the 

transcript landscape of DEGs in NKp44+ and NKp44− ILC3s in lung cancer. Our results provided 

a theoretical basis for further ILC3 studies which will potentially useful in developing therapies. 

One limitation of this study is that the results are at the transcript level, and the roles of ILC3s in 

lung cancer must be further studied by functional analysis in either a human or mouse model.  
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Figure legends 

Figure 1 Group 3 innate lymphoid cells (ILC3s) were predominant in lung cancer tissues, 
with particularly high levels of NKp44+ ILC3s in diseased regions. Lung tissue was collected 

from patients with lung cancer, containing both lung tissues of the diseased region (LC) and 

distal matched non-diseased region (LC-DM). Peripheral blood (PB) was collected from the 

same patients. PB was also collected from healthy donors (HD). a. Gating strategy of ILCs and 

ILC1–3s by flow cytometry. b. ILC proportion in CD45+ cells in LC, LC-DM, and LC-PB; ILC 

proportion per gram of LC and LC-DM; and numbers of ILCs per mL of LC-PB and HD-PB. c. 

Proportion of ILC1–3s in total ILCs of LC, LC-DM, and LC-PB; d. Expression of NKp44 on 

ILC1–3s was quantified by flow cytometry. e. Proportion of NKp44− and NKp44+ ILC3s in total 

ILCs of LC, LC-DM, and LC-PB. Lung cancer tissue, n = 42; PB of lung cancer, n = 26. Each 

point represents one donor 

 

Figure 2 NKp44+ and NKp44− group 3 innate lymphoid cells (ILC3s) shared some general 

gene transcripts based on transcriptional sequencing analysis. NKp44+ and NKp44− ILC3s 

were sorted from diseased regions of lung cancer, and RNA sequencing analysis was performed. 

a. List of generally known and novel genes of three samples in diseased and non-diseased 

regions. Novel genes were defined as those with predicted coding transcripts that were 

previously unknown. b. Distribution of gene expression. The Y-axis shows the average log10 

fragments per kilobase of transcript per million mapped reads (FPKM) value of three samples. c. 

Transcript expression of IL-7R, KLRB1, ID2, CD117, AHR, NCR2, PTGDR2, TBX21, GATA3, 

and RORC 

 

Figure 3 RNA-seq analysis revealed numerous differentially expressed genes (DEGs) 
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between NKp44+ and NKp44− group 3 innate lymphoid cells. a. Volcano plot of DEGs: the 

X-axis shows log2-transformed fold-change, and the Y-axis shows −log10-transformed 

significance. Red points represent upregulated DEGs. Blue points represent downregulated 

DEGs. Gray points represent non-DEGs. b. GO classification of upregulated and downregulated 

genes. The Y-axis shows GO terms. The X-axis shows the number of up/downregulated genes. c. 

The X-axis shows the number of DEGs. The Y-axis shows KEGG functional classifications. 

There are seven branches for KEGG pathways: cellular processes, environmental information 

processing, genetic information processing, human disease, metabolism, and organismal systems 

 

Figure 4 Most differentially expressed genes (DEGs) were in the signal transduction 

pathway, and DEGs tended to be upregulated in NKp44+ group 3 innate lymphoid cells 
(ILC3s). a. Percentages of DEGs in the top seven signal transduction pathways. The Y-axis 

shows the percentages of DEGs out of total genes in the KEGG pathways. The X-axis shows 

KEGG pathways. b. Comparing with NKp44+ ILC3s, the numbers of downregulated (blue) and 

upregulated genes (red) are shown for NKp44− ILC3s. The Y-axis shows the number of DEGs. 

The X-axis shows the KEGG pathways. c. Hierarchical clustering heatmaps of KEGG pathways 

depicting differential expression between NKp44+ and NKp44− ILC3s in the diseased and non-

diseased regions from three patients with lung cancer. Gene expression changes (log2 fold-

changes from their fragments per kilobase of transcript per million mapped reads values) are 

represented from lowest to highest as blue to red in the heat map; grey indicates that no gene 

transcript was detected.  

 

Figure 5 In the signaling molecules and interaction pathway, more differentially expressed 
genes (DEGs) were clustered in the cell adhesion molecules and cytokine-cytokine receptor 

interaction pathways. a. Percentages of DEGs in the cell adhesion molecules and cytokine-

cytokine receptor interaction pathways. The Y-axis shows the percentages of DEGs out of total 

genes in the KEGG pathways. The X-axis shows the KEGG pathways. b. Comparing with 

NKp44+ group 3 innate lymphoid cells (ILC3s), the numbers of downregulated (blue) and 

upregulated genes (red) are shown for NKp44− ILC3s. The Y-axis shows the number of DEGs. 

The X-axis shows the KEGG pathways. c. Hierarchical clustering heatmaps of KEGG pathways 

depicting differential expression between NKp44+ and NKp44− ILC3s in the diseased and non-
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diseased regions from three patients with lung cancer. Gene expression changes (log2 fold-

changes from their fragments per kilobase of transcript per million mapped reads values) are 

represented from lowest to highest as blue to red in the heat map; grey indicates that no gene 

transcript was detected.  
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Figures

Figure 1

Group 3 innate lymphoid cells (ILC3s) were predominant in lung cancer tissues, with particularly high
levels of NKp44+ ILC3s in diseased regions. Lung tissue was collected from patients with lung cancer,
containing both lung tissues of the diseased region (LC) and distal matched non-diseased region (LC-
DM). Peripheral blood (PB) was collected from the same patients. PB was also collected from healthy
donors (HD). a. Gating strategy of ILCs and ILC1–3s by �ow cytometry. b. ILC proportion in CD45+ cells in



LC, LC-DM, and LC-PB; ILC proportion per gram of LC and LC-DM; and numbers of ILCs per mL of LC-PB
and HD-PB. c. Proportion of ILC1–3s in total ILCs of LC, LC-DM, and LC-PB; d. Expression of NKp44 on
ILC1–3s was quanti�ed by �ow cytometry. e. Proportion of NKp44− and NKp44+ ILC3s in total ILCs of LC,
LC-DM, and LC-PB. Lung cancer tissue, n = 42; PB of lung cancer, n = 26. Each point represents one donor

Figure 2

NKp44+ and NKp44− group 3 innate lymphoid cells (ILC3s) shared some general gene transcripts based
on transcriptional sequencing analysis. NKp44+ and NKp44− ILC3s were sorted from diseased regions of
lung cancer, and RNA sequencing analysis was performed. a. List of generally known and novel genes of
three samples in diseased and non-diseased regions. Novel genes were de�ned as those with predicted
coding transcripts that were previously unknown. b. Distribution of gene expression. The Y-axis shows
the average log10 fragments per kilobase of transcript per million mapped reads (FPKM) value of three
samples. c. Transcript expression of IL-7R, KLRB1, ID2, CD117, AHR, NCR2, PTGDR2, TBX21, GATA3, and
RORC



Figure 3

RNA-seq analysis revealed numerous differentially expressed genes (DEGs) 15 between NKp44+ and
NKp44− group 3 innate lymphoid cells. a. Volcano plot of DEGs: the X-axis shows log2-transformed fold-
change, and the Y-axis shows −log10-transformed signi�cance. Red points represent upregulated DEGs.
Blue points represent downregulated DEGs. Gray points represent non-DEGs. b. GO classi�cation of
upregulated and downregulated genes. The Y-axis shows GO terms. The X-axis shows the number of
up/downregulated genes. c. The X-axis shows the number of DEGs. The Y-axis shows KEGG functional
classi�cations. There are seven branches for KEGG pathways: cellular processes, environmental
information processing, genetic information processing, human disease, metabolism, and organismal
systems



Figure 4

Most differentially expressed genes (DEGs) were in the signal transduction pathway, and DEGs tended to
be upregulated in NKp44+ group 3 innate lymphoid cells (ILC3s). a. Percentages of DEGs in the top seven
signal transduction pathways. The Y-axis shows the percentages of DEGs out of total genes in the KEGG
pathways. The X-axis shows KEGG pathways. b. Comparing with NKp44+ ILC3s, the numbers of
downregulated (blue) and upregulated genes (red) are shown for NKp44− ILC3s. The Y-axis shows the



number of DEGs. The X-axis shows the KEGG pathways. c. Hierarchical clustering heatmaps of KEGG
pathways depicting differential expression between NKp44+ and NKp44− ILC3s in the diseased and non-
diseased regions from three patients with lung cancer. Gene expression changes (log2 fold-changes from
their fragments per kilobase of transcript per million mapped reads values) are represented from lowest
to highest as blue to red in the heat map; grey indicates that no gene transcript was detected.

Figure 5



In the signaling molecules and interaction pathway, more differentially expressed genes (DEGs) were
clustered in the cell adhesion molecules and cytokine-cytokine receptor interaction pathways. a.
Percentages of DEGs in the cell adhesion molecules and cytokine-cytokine receptor interaction pathways.
The Y-axis shows the percentages of DEGs out of total genes in the KEGG pathways. The X-axis shows
the KEGG pathways. b. Comparing with NKp44+ group 3 innate lymphoid cells (ILC3s), the numbers of
downregulated (blue) and upregulated genes (red) are shown for NKp44− ILC3s. The Y-axis shows the
number of DEGs. The X-axis shows the KEGG pathways. c. Hierarchical clustering heatmaps of KEGG
pathways depicting differential expression between NKp44+ and NKp44− ILC3s in the diseased and non-
16 diseased regions from three patients with lung cancer. Gene expression changes (log2 fold-changes
from their fragments per kilobase of transcript per million mapped reads values) are represented from
lowest to highest as blue to red in the heat map; grey indicates that no gene transcript was detected.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

SupplementTalbe1.pdf

SupplementTable2.pdf

https://assets.researchsquare.com/files/rs-937649/v1/c4b8692bd2b0a02163fd67cd.pdf
https://assets.researchsquare.com/files/rs-937649/v1/57e96ba6382ff783b1719201.pdf

