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Abstract 

Innate lymphoid cells (ILCs) are a population of lymphocytes that act as the first line of immunologic 

defense at mucosal surfaces. The ILC family in the skin, lungs, and gastrointestinal tissues has been 

investigated, and there are reports of individual subsets of ILCs in the oral tissues. We sought to 

investigate the whole ILC population (group 1, 2, and 3 subsets) in the murine gingivae and the lymph 

nodes draining the oral cavity. We show that ILCs made up a greater proportion of the whole CD45+ 

lymphocyte population in the murine gingivae (0.356% ± 0.039%) as compared with the proportion of 

ILCs in the draining lymph nodes (0.158% ± 0.005%). Cytokine profiling of the ILC populations 

demonstrated different proportions of ILC subsets in the murine gingivae versus the regional lymph 

nodes. The majority of ILCs in the draining lymph nodes expressed IL-5, whereas there were equal 

proportions of IFN-γ- and IL-5 expressing ILCs in the oral mucosa. The percentage of IL-17+ ILCs was 

comparable between the murine gingivae and the oral draining lymph nodes. These data suggest an 

enrichment of ILCs in the murine gingivae, and these ILCs reflect a cytokine profile discrepant to that 

of the local draining lymph nodes. These studies indicate diversity and enrichment of ILCs at the oral 

mucosal surface. The function of ILCs in the oral cavity remains to be determined; here, we provide a 

premise of ILC populations that merits future consideration in investigations of mouse models and 

human tissuus. 
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Introduction 

The balance between the host immune response and the external environment is essential in 

maintaining a healthy state. Inappropriate barrier immune responses at the oral mucosa may drive the 

onset and progression of oral inflammatory diseases such as gingivitis and periodontitis (Lamont and 

Hajishengallis 2015). 

In humans, myriad mechanisms form a first line of innate immunity to microbial challenges at the oral 

mucosal barrier, including migrating and resident granulocytes/neutrophils, a network of 

antigen-presenting cells, and a small family of innate lymphoid cells (ILCs; Dutzan et al. 2016). ILCs 

constitute a recently identified family of lymphocytes that lack characteristic lineage markers. ILCs are 

found in secondary lymphoid tissues and at mucosal surfaces of the lung and gastrointestinal (GI) 

tract (Sonnenberg and Artis 2015). ILCs have emerged as important regulators in tissue homeostasis 

and mucosal barrier control of commensal and pathogenic microorganisms (Sonnenberg et al. 2012; 

Hepworth et al. 2015; Klose and Artis 2016). The ILC family encompasses 3 functional groups: group 

1, ILC1s and natural killer cells; group 2, ILC2s; and group 3, ILC3s (McKenzie et al. 2014). Human 

and mice ILC subsets have been defined by their cell surface markers and transcription factor 

expression; it is widely understood that all ILCs are lineage negative (Lin–) and express the interleukin 

7α (IL-7α) receptor (CD127), while “conventional” natural killer cells, although Lin–, do not express 

CD127 (Eberl et al. 2015)  

CD117 (c-KIT), the mast/stem cell growth factor receptor, and NKp46 (CD355), the natural 

cytotoxicity triggering receptor 1 (NCR1), have been identified as markers for phenotyping ILCs into 

subsets. ILCs are heterogeneous, and the expression of CD117 and NKp46 varies depending on 

anatomic location (Spits et al. 2013; Ealey and Koyasu 2017; Simoni and Newell 2017). 

The ILC subsets possess unique cytokine profiles that parallel those of T-helper cells: group 1 ILCs 

(ILC1) release interferon γ (IFN-γ); group 2 ILCs (ILC2) secrete group 2 cytokines, such as IL-4 and 

IL-5; and group 3 ILCs (ILC3) generate IL-17 and/or IL-22 (Spits et al. 2013). Group 1 ILCs promote 

immunity to intracellular bacteria and parasites (Klose et al. 2014; Klose and Artis 2016). ILC2s 

facilitate antihelminth and antiviral immunity (Chang et al. 2011; Moro et al. 2010; Neill et al. 2010) 

and are involved in orchestrating the immune response to allergens (Drake and Kita 2014; Halim et al. 

2014). ILC3s augment the removal of extracellular bacteria and fungi (Cella et al. 2009; Killig et al. 

2014; Van Maele et al. 2014). 

The importance of ILCs as the first line of defense at barrier sites has been highlighted in 

different murine models of mucosal infection. During infection with the gram-positive respiratory 

pathogen Streptococcus pneumoniae, lung-resident ILC3s produced elevated levels of IL-17 and 

IL-22—2 cytokines essential in mucosal defense (Van Maele et al. 2014). Similarly, IL-17 and 

IL-22-production by ILC3s was observed during gut infections with Citrobacter rodentium, a 

gram-negative enteric bacterium that causes experimental colitis (Sonnenberg et al. 2012; Rankin et 

al. 2016). Furthermore, loss of IL-5-producing lung-resident ILC2s in a murine model of influenza A 

acute viral infection resulted in exacerbated disease phenotype (Monticelli et al. 2011). In the Peyer’s 

patches of the gut, in vivo depletion of ILC1s and ILC3s interfered with the anatomic containment of 

commensal bacteria, indicating an essential role for ILCs in bacterial homeostasis in the gut 

(Hashiguchi et al. 2015). Other studies described an essential role for IFN-γ-producing ILC1s in 

Campylobacter jejuni–induced colitis (Muraoka et al. 2016). 

Over recent years, the ILC family has been the subject of extensive research of the skin, 

lungs, and GI tract, but the role of ILCs in the oral mucosa is not fully understood. To our knowledge, 
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ILCs (belonging largely to the ILC1 subset) have been identified in human gingival tissue (Dutzan et 

al. 2016), but a description of ILC populations in murine gingivae is restricted to the IL-17-producing 

ILC3 subset (Moutsopoulos et al. 2014; Pandiyan et al. 2014). Here, we sought to comprehensively 

characterize the ILC compartment within the murine gingivae and cervical oral draining lymph nodes 

(dLNs). 

Methods 

Animals 

Female BALB/c and C57BL/6 mice (both Envigo) were maintained in specific pathogen-free 

conditions with ad libitum access to food and water at the University of Glasgow. All animal work was 

approved by local research ethics committees and performed under license in accordance with UK 

Home Office regulations and conforms to the ARRIVE guidelines. 

Tissue Processing 

Preparation of gingival tissue single-cell suspensions followed a similar protocol as previously 

described (Mizraji et al. 2013). Single-cell suspensions were pooled from 4 or 5 mice per experiment 

for immediate phenotyping of ILCs or 9 to 11 mice per experiment for cytokine profiling of ILCs. 

Single-cell suspensions were obtained from 4 superficial cervical oral dLNs from each mouse 

by mechanically mashing the tissue through 40-μm cell strainers into sterile cRPMI (RPMI-1640 with 

10% fetal calf serum, 1% penicillin streptomycin, 1% l-glutamine; Gibco). 

Flow Cytometry 

For immediate phenotyping of ILCs, a 1/200 dilution of Fc block (anti-mouse CD16/32; eBioscience) 

in phosphate-buffered saline was added; then, cells were stained with fluorochrome-labeled cell 

surface antibodies against CD3, B220, CD11b, CD11c, Ly-6G (all Alexa Fluor 488; lineage 

“dumpgate”), CD127-phycoerythrin (PE), NKp46-allophycocyanin (APC), viability dye eFluor450 (all 

eBioscience), CD45–brilliant violet (BV510), and CD117-APC-Cy7 (Biolegend). For cytoplasmic 

intracellular cytokine staining of the ILCs, cells were stimulated in cRPMI media supplemented with 30 

ng/mL of phorbol myristate acetate, 500 ng/mL of ionomycin (both Sigma Aldrich), and GolgiPlug as 

specified by the intracellular cytokine staining protocol of BD Biosciences. Following stimulation, cells 

were stained with antibodies specific to CD3, B220, CD11b, CD11c, Ly-6G, and CD45 and with a 

viability dye, as described earlier, in addition to CD127-PE or CD127-APC (eBioscience). Cells were 

then fixed and permeabilized with the intracellular fixation and permeabilization buffer set 

(eBioscience) and stained with fluorochrome-labeled antibodies specific for IFN-γ and IL-17 (both 

PE-Cy7; eBioscience) or IL-5-PE (eBioscience). Positive and negative gates were applied with 

reference to “fluorescence minus one” or unstimulated controls. Cells were analyzed with a MACS 

Quant (Miltenyi Biotec) flow cytometer and the data analyzed with FlowJo (Tree Star Inc.). 

Statistical Analyses 

Normally distributed data were analyzed by 2-tailed Student’s t test to compare the means of 2 

samples or multiple-comparison 1-way analysis of variance to compare the means of >2 samples with 

GraphPad Prism 7. Values are presented as mean ± SEM. 

Results 
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Single-cell suspensions from the gingivae and oral dLNs were isolated and stained for CD3, B220, 

CD11b, CD11c, Ly-6G, CD45, CD127, CD117, and NKp46. Dead cells were excluded with a 

Live/Dead Viability dye ILCs were initially identified by positive expression of CD45, a marker present 

on all hematopoietic cells (including ILCs) and then further characterized per a lack of expression of 

common lineage markers (Lin–; CD3, B220, CD11b, CD11c, Ly-6G) in conjunction with expression of 

CD127 (IL-7 receptor α) as seen in Figure 1A (full gating strategy shown in Appendix Fig. 1). The 

proportion of total ILCs of the whole CD45+ lymphocyte population was compared between gingivae 

and dLNs. There was a significantly higher percentage of total ILCs in the gingivae as compared with 

the oral dLNs (Fig. 1B; 0.356% ± 0.039% total ILCs of the CD45+ lymphocyte population for gingivae 

vs. 0.158% ± 0.005% for oral dLNs, P < 0.001). 

 

Figure 1. 

Percentage of innate lymphoid cells (ILCs) from CD45+ lymphocytes in cervical draining lymph nodes 

(dLNs) and gingivae. Superficial cervical oral dLNs and gingivae were harvested from BALB/c mice 

and processed, with single-cell suspensions stained for antibodies prior to analysis by flow cytometry. 

(A) ILCs were identified as CD45+, lineage– (Lin–; CD3–, B220–, CD11b–, CD11c–, Ly-6G–), and 

CD127+ lymphocytes. For full gating strategy, see Appendix Figure 1. Flow cytometry plots are from a 

representative gingivae cell sample. (B) Percentage of ILCs from the whole CD45+ lymphocyte 

population in the oral dLNs (clear bars) versus gingivae (shaded bars). Data are presented as mean 

percentage ± SEM of CD45+ lymphocyte population, representing a 6 independent experiments (n = 

oral dLNs, 4 or 5 mice per group/experiment, gingivae pooled from a 4 or 5 mice per 

group/experiment). Statistical significance determined by 2-tailed unpaired t test (***P < 0.001). 

FSC-A, forward scatter area.  

CD45+, Lin–, CD127+ cells were further characterized by expression of CD117 (c-KIT; i.e., 

the mast/stem cell growth factor receptor) and NKp46 (CD355; i.e., NCR1) (Appendix Fig. 1; 

summarized in Fig. 2A). Identification of ILCs into possible “subsets” with CD117 and NKp46 is 

described in Appendix Table 1. There was no significant difference in the percentages of CD117–, 

NKp46– ILCs in the gingivae as compared with the oral dLNs (Appendix Fig. 2A; 0.182% ± 0.038% vs. 

0.128% ± 0.010%, P < 0.194). However, there was a significantly higher percentage of CD117+, 

NKp46– ILCs (Appendix Fig. 2B; 0.1346% ± 0.0187% vs. 0.0077% ± 0.0005%, P < 0.0001), CD117–

, NKp46+ ILCs (Appendix Fig. 2C; 0.0513% ± 0.0039% vs. 0.0169% ± 0.0019%, P < 0.0001), and 

CD117+, NKp46+ ILCs (Appendix Fig. 2D; 0.0208% ± 0.0036% vs. 0.0060% ± 0.0007%, P < 0.01) in 

the gingivae versus the oral dLNs. Collectively, these data suggest a proportional enrichment of ILCs 

at the gingival mucosal surface as compared with the oral dLNs. 

To determine the relationship between the CD117±, NKp46± ILC populations (identified with 

plots in Fig. 2A, full gating strategy in Appendix Fig. 1) in the gingivae and oral dLNs, the proportion of 

these ILCs from the whole ILC population (e.g., CD45+, Lin–, CD127+ lymphocytes) was also 

compared. The ILC subsets (e.g., CD117±, NKp46± ILCs) of the whole ILC population were more 

diverse in the gingivae than in the oral dLNs. The majority of ILCs in the gingivae and lymph nodes 

were CD117–, NKp46– ILCs (Fig. 2B; 45.57% ± 4.40% vs. 79.99% ± 0.95%, respectively, P < 

0.0001), while the percentage of CD117+, NKp46– ILCs was significantly higher in the gingivae than 

the oral dLNs (Fig. 2C; 35.19% ± 3.84% vs. 5.03% ± 0.69%, P < 0.0001). There was no statistically 

significant difference between the percentage of CD117–, NKp46+ ILCs in either tissue (Fig. 2D; 

13.81% ± 1.70% [gingivae] vs. 10.53% ± 0.59% [lymph node], P = 0.0978) nor CD117+, NKp46+ ILCs 

in the gingivae and oral dLNs (Fig. 2E; 5.43% ± 0.79% vs. 3.93% ± 0.59%, respectively, P = 0.1593). 

These data suggest that the majority of ILCs in the oral cavity are CD117– and NKp46– (Fig. 3F, G, 
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blue segment; ~45.57% in the gingivae and ~79.99% in the oral dLNs), although a significant 

proportion of ILCs in the gingivae is phenotypically CD117+ and NKp46– (Fig. 3G, red segment; 

~35.19%). 

Figure 2. 

Proportion of subsets of innate lymphoid cells (ILCs) from the CD45+, lineage– (Lin–), CD127+ 

population in murine cervical draining lymph nodes (dLNs) and gingivae. Superficial cervical oral 

dLNs and gingivae were harvested from BALB/c mice and single-cell suspensions analyzed by flow 

cytometry. (A) Four populations of ILCs (CD45+, Lin–, CD127+ lymphocytes) were identified with 

CD117 and NKp46. Flow cytometry plots are from a representative gingivae cell sample. The 

percentage of each ILC subset as a proportion of the ILC population, compared between the dLNs 

(clear bars) and gingivae (shaded bars): (B) CD117–, NKp46–; (C) CD117+, NKp46–; (D) CD117–, 

NKp46+; (E) CD117+, NKp46+. The diversity of the ILC populations: (F) dLNs and (G) gingivae. (B–

E) The mean percentage ± SEM of CD45+, Lin–, and CD127+ lymphocyte population, representing 6 

independent experiments (n = oral dLNs, 4 or 5 mice per group/experiment, gingivae pooled from 4 or 

5 mice per group/experiment). Statistical significance determined by 2-tailed unpaired t test (****P < 

0.0001). 

We next characterized the cytokine profiles of ILCs via intracellular cytokine staining (full 

gating strategy shown in Appendix Fig. 3). Figure 3A shows the final flow cytometry plots used for 

identification of IFN-γ-producing ILCs (group 1 ILCs), IL-5-producing ILCs (ILC2s), and 

IL-17-producing ILCs (ILC3s; summarized in Appendix Table 1). We also investigated cytokine 

expression in the total CD45+ population and compared this with the cytokine expression by the ILCs. 

The majority of the CD45+ lymphocytes in the oral dLNs expressed IFN-γ (Fig. 3B, blue segment; 

79.26% ± 4.45%), with a significantly lower proportion of IL-5-producing cells (Fig. 3B, red segment; 

11.45% ± 3.36%, P < 0.0001) and IL-17+ cells (Fig. 3B, green segment; 9.29% ± 1.41%, P < 0.0001). 

The cytokine profile of the total CD45+ lymphocytes in the gingivae was similar to that of the oral 

dLNs, with the majority of cells expressing IFN-γ (Fig. 3C, blue segment; 77.69% ± 1.50%). 

Compared with the IFN-γ producing cells, there were fewer IL-5+ cells (Fig. 3C, red segment; 3.65% ± 

0.40%, P < 0.0001) and more IL-17-producing cells (Fig. 3C, green segment; 18.66% ± 1.9%, P < 

0.0001). The ILC subsets in gingivae and dLNs showed a quite different distribution when compared 

with the CD45+ population. There was a significantly greater proportion of IL-5-producing ILCs (Fig. 

3D, red segment; 62.55% ± 1.48%) isolated from the oral dLNs than IFN-γ+ ILCs (Fig. 3D, blue 

segment; 19.36% ± 1.35%, P < 0.0001) or IL-17 producing ILCs (Fig. 3D, green segment; 18.09% ± 

2.26%, P < 0.0001), suggesting that the ILC2 subset was the most prominent ILC cell type in the dLN. 

There was an equal proportion of IFN-γ- and IL-17-producing ILCs in the dLNs (P = 0.9969). In the 

gingivae, there was an equal proportion of IFN-γ+ ILCs (Fig. 3E, blue segment; 42.27% ± 6.63%) and 

IL-5+ ILCs (Fig. 3E, red segment; 39.60% ± 4.12%) and a significantly lower proportion of 

IL-17-producing ILCs (Fig. 3E, green segment; 18.13% ± 2.50%, P < 0.001). Unlike the cytokine 

profile of the CD45+ lymphocytes, the proportion of IFN-γ+, IL-5+, and IL-17+ ILCs differed between 

the ILCs resident in the 2 oral tissues. The cytokine production of the total lymphocyte population (all 

CD45+) was similar in the gingivae and the dLN (Fig. 3F). However, there were marked differences in 

the cytokine expression of the ILC population in the gingivae versus the dLN. There was a significantly 

greater proportion of IFN-γ-producing ILCs in the gingivae than the oral dLNs (Fig. 3G, 42.27% ± 

6.63% vs. 19.36% ± 1.35%, respectively, P < 0.001). The population of IL-5+ ILCs was significantly 

reduced in the gingivae than the oral dLNs (Fig. 3G; 39.60% ± 4.12% vs 62.55% ± 1.48%, 

respectively, P < 0.001). The proportion of IL-17+ ILCs was comparable in gingivae and oral dLNs 

(Fig. 3G; 18.13% ± 2.50% vs. 18.09% ± 2.26%, respectively P = 0.9999). Appendix Table 2 presents 

a summary of the statistical significance between ILC subsets in the gingivae and oral dLNs. Taken 
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together, these data suggest that the gingivae-resident ILCs have a more diverse cytokine profile than 

the population of ILCs in the oral dLNs and that the cytokine profile of the ILCs is distinct to that of the 

total CD45+ population in both tissues. 

Figure 3. 

Comparison of the proportion of cytokine-producing innate lymphoid cells (ILCs) in the murine 

gingivae and oral dLNs. Superficial cervical oral draining lymph nodes (dLNs) and gingivae were 

harvested from C57BL/6 mice and processed to obtain single-cell suspensions; then, cells were 

stimulated with PMA/ionomycin and protein release inhibitors for 6 h prior to staining for innate 

lymphoid cell (ILC) markers and cytokines. (A) ILCs (CD45+, lineage– [Lin–], CD127+ lymphocytes) 

were divided into 3 subsets according to production of IFN-y (ILC1s), IL-5 (ILC2s), and IL-17 (ILC3s). 

Plots show gingival cells from a representative experiment. (B–E) Mean percentage of each 

cytokine-producing cell type from the cytokine-producing population in both oral tissues: CD45+ 

lymphocytes and ILCs in dLNs and gingivae. The mean proportion ± SEM of cytokine-producing 

(IFN-γ, IL-5, and IL-17) (F) CD45+ lymphocytes and (G) ILCs. Data represent 2 independent 

experiments (dLNs pooled from 4 or 5 mice per group/experiment) and gingivae (gingivae pooled 

from 9 to 11 mice per group/experiment). (F, G) Statistical significance determined by 

multiple-comparison 1-way analysis of variance (***P < 0.001, ****P < 0.0001). FSC-A, forward 

scatter area. 

 

Discussion 

We demonstrate here that the ILC compartment is enriched and more diverse and has a different 

cytokine profile at the gingival mucosal surface as compared with that of the oral dLNs. The majority of 

the ILCs in the oral dLNs and gingivae were CD117–, NKp46–, although there was a substantial 

population of CD117+, NKp46– ILCs at the mucosal surface. This cell surface phenotype suggested 

that oral-resident ILCs were mainly ILC1s. Upon further investigation with cytokine analysis, the ILCs 

in the oral dLNs largely produced IL-5, indicating that these ILCs were predominantly part of the type 

2 subset, with an equal distribution of IFN-γ- and IL-17-producing ILCs. In the gingivae, there was a 

relatively similar proportion of IFN-γ+ and IL-5+ ILCs. Such a discrepancy in cell surface marker and 

cytokine analysis in oral-resident ILCs may have arisen from 1) differences in staining methods for ex 

vivo versus in vitro stimulated cells—that is, the cytokine production was analyzed after a period of in 

vitro stimulation, whereas the cell surface phenotype was analyzed immediately ex vivo—and/or 2) 

the heterogenous nature and potentially plasticity of ILCs (Simoni and Newell 2017). Ideally, large 

numbers of purified ILCs would be obtained from oral tissues and studied over time with different 

stimulation conditions. Currently, there are no methods of growing these cells in vitro, and their 

isolation into “pure” populations for in vitro study is extremely challenging given the small numbers 

and proportions of cells in tissue. Nonetheless, we show that the cytokine profile of the ILCs differed 

from the whole CD45+ lymphocyte population in the oral dLNs and gingivae; IFN-γ was evidently the 

main cytokine produced by the CD45+ lymphocytes in both tissues. 

The ILC compartment is enriched at mucosal surfaces, such as the respiratory and GI tracts 

and the skin, as compared with regional draining lymph nodes (Sonnenberg and Artis 2015; Kim et al. 

2016) (percentage of ILCs of total CD45+ lymphocytes: 3.7% for lung, 2.5% for small intestine lamina 

propria, 1.8% for large intestine lamina propria, and 3.5% for skin vs. <0.2% for regional draining 

lymph nodes). However, there is no work describing an enrichment of ILCs at the oral mucosa as 

discussed here. As previously shown, ILC populations are more diverse at the mucosal surface of the 

lower GI tract (e.g., the lamina propria and intraepithelial compartment of the small and large 
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intestines) as compared with the draining mesenteric lymph nodes (Kim et al. 2016). The data 

presented here suggest that a similar phenomenon occurs in the oral mucosa, with an enrichment of 

ILCs and a more diverse ILC population in the gingivae as compared with the oral dLNs. It is 

postulated that the increased number of ILCs at mucosal surfaces reflects the importance of these 

cells as a first-line regulation of innate and adaptive immunity to commensal and harmful microbiota, 

specifically in the GI tract and lungs (Klose and Artis 2016). Immune tolerance in CD4+ T cells to 

commensal bacteria is essential in maintaining tissue homeostasis in the GI tract (Belkaid et al. 2013), 

a mechanism controlled in part by communication with gut-resident ILCs (Hepworth et al. 2013). It 

may be that a similar cross-talk between CD4+ T cells and ILCs is present in the oral cavity, given the 

vast population of microbes inhabiting the environment, including many commensal bacteria and 

fungi. Thus, the enrichment and enhanced diversity of the ILC populations in the gingivae may be 

expected given the constant microbial perturbations to the oral mucosal surface. 

It is generally accepted that the majority of ILCs are tissue-resident lymphocytes incapable of 

circulating around the body. Parabiotic studies with 2 conjoined adult mice that share 1 blood 

circulatory system demonstrated that ILCs in the small intestine lamina propria, salivary gland, lung, 

and adipose tissue are strictly tissue-resident cells and do not pass from one mouse to the other 

(Gaisteiger et al. 2015; O’Sullivan et al. 2016). Tissue-resident ILCs will expand locally under 

physiologic conditions in response to immunologic perturbations at mucosal surfaces and are only 

replenished in small numbers by hematogenous precursors and/or circulating mature ILCs 

(Gaisteiger et al. 2015). Nonetheless, other evidence suggests that a small population of ILCs is 

migratory and can traffic from the mucosal surface to secondary lymphoid organs through the 

expression of chemokine and homing receptors (Mackley et al. 2015; Kim et al. 2016). In the gingivae, 

other lymphocytes (e.g., T cells) can migrate to the secondary lymphoid tissue (Yamazaki et al. 2012). 

Currently, it is not known whether the gingivae-resident ILCs are capable of migrating to the oral dLNs 

and, if so, which subsets would undergo this migration and under what circumstances. Future work 

will ideally allude to such phenomena, which may also begin  

For the purposes of these investigations, we characterized ILCs into 3 “conventional” subsets 

in accordance with the production of cytokines: IFN-γ (ILC1s), IL-5 (ILC2s), and IL-17 (ILC3s). Dutzan 

et al. (2016) proposed that the most abundant ILC subtype in the human gingivae was strictly 

IFN-γ-producing ILC1s, with only a small percentage of IL-17+ ILC3s. They did not detect any ILC2 

populations in the human gingivae. Here we show that in the murine gingivae, there was a relatively 

equal proportion of ILC1s and ILC2s—based on their generation of IFN-γ and IL-5, respectively—and 

a further population of IL-17+ ILC3s. The variation in the gingivae-resident ILC subsets between mice 

and human may represent a true species-specific difference in ILC population distribution or an 

environmental consequence of variable microbial challenge between humans and specific pathogen–

free mice. This discrepancy may be evidence of further anomalies in the innate immune response in 

mice versus humans, with implications for the interpretation of animal model data (Zschaler et al. 

2014). Interestingly, previous studies that identified ILCs in the murine oral mucosa focused on the 

ILC3 population, with no work, to our knowledge, describing the ILC1 or ILC2 subsets within the 

tissue. Gingivae-resident ILC3s were identified as a source of IL-17 in an experimental model of 

leukocyte adhesion deficiency type I periodontitis (Moutsopolous et al. 2014), and small populations 

of ILC3s were found in oral mucosal lymphocytes isolated from the tongue, gingival, and palatal 

tissues (Pandiyan et al. 2014). To the best of our knowledge, this is the first appraisal of the whole ILC 

compartment within the murine gingival tissue, including the identification of ILC1s and ILC2s. 

The identification of IFN-γ-, IL-5-, and IL-17-producing ILCs in the gingival tissue may further 

complicate regulation of homeostasis and pathways involved in inflammation and infection at the oral 

mucosa. Nonetheless, the presence of such cells in the oral mucosa suggests that they may play a 
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role in oral health and diseases. Future work may merit the consideration of comparing ILC 

populations within other oral mucosal surfaces, such as the tonsils, tongue, and/or palatal tissues, to 

further aid future investigations in oral immunology. Ultimately, understanding the function of the 

complex network of different lymphocytes resident in the oral cavity will aid future work in developing 

novel therapeutics to target the myriad of oral diseases associated with microbial dysbiosis, infection, 

or inflammation. 

Author Contributions 

J.L. Brown, J. Butcher, S. Culshaw, contributed to conception, design, data acquisition, analysis and 

interpretation, drafted and critically revised the manuscript; L. Campbell, J. Malcolm, A.A. Planell, 

Contributed to data acquisition and interpretation,  and critically revised the manuscript. All authors 

gave final approval and agree to be accountable for all aspects of the work. 

Acknowledgments 

The authors acknowledge the assistance of the University of Glasgow Flow Cytometry Core Facility. 

A.A. Planell and this work were funded by the Marie Curie ITN (RAPID 290246) in addition to Gums 

and Joints EUFP7 (health agreement 261460). L. Campbell was supported by Sir Jules Thorn 

Studentship (13/JTPhD). J. Malcolm was funded by Arthritis Research UK (20823). The authors 

declare no potential conflicts of interest with respect to the authorship and/or publication of this article.  

References 

Belkaid Y, Bouladoux N, Hand TW. 2013. Effector and memory T cell responses to commensal 

bacteria. Trends Immunol. 34(6):299–306. 

Cella M, Fuchs A, Vermi W, Facchetti F, Otero K, Lennerz JK, Doherty JM, Mills JC, Colonna M. 2009. 

A human natural killer cell subset provides an innate source of IL-22 for mucosal immunity. 

Nature. 457(7230):722–725. 

Chang YJ, Kim HY, Albacker LA, Baumgarth N, McKenzie AN, Smith DE, Dekruyff RH, Umetsu DT. 

2011. Innate lymphoid cells mediate influenza-induced airway hyper-reactivity independently of 

adaptive immunity. Nat Immunol. 12(7):631–638. 

Dewhirst FE, Chen T, Izard J, Paster BJ, Tanner AC, Yu WH, Lakshmanan A, Wade WG. 2010. The 

human oral microbiome. J Bacteriol. 192(19):5002–5017. 

Drake LY, Kita H. 2014. Group 2 innate lymphoid cells in the lung. Adv Immunol. 124:1–16. 

Dutzan N, Konkel JE, Greenwell-Wild T, Moutsopoulos NM. 2016. Characterization of the human 

immune cell network at the gingival barrier. Mucosal Immunol. 9(5):1163–1172. 

Ealey KN, Koyasu S. 2017. How many subsets of innate lymphoid cells do we need? Immunity. 

46(1):10–13. 

Gaffen SL, Hajishengallis G. 2008. A new inflammatory cytokine on the block: re-thinking periodontal 

disease and the Th1/Th2 paradigm in the context of Th17 cells and IL-17. J Dent Res. 87(9):817–

828.  



9 

 

Gasteiger G, Fan X, Dikiy S, Lee SY, Rudensky AY. 2015. Tissue residency of innate lymphoid cells 

in lymphoid and nonlymphoid organs. Science. 350(6263):981–985. 

Hajishengallis G, Liang S, Payne MA, Hashim A, Jotwani R, Eskan MA, McIntosh ML, Alsam A, 

Kirkwood KL, Lambris JD, et al. 2011. Low-abundance biofilm species orchestrates inflammatory 

periodontal disease through the commensal microbiota and complement. Cell Host Microbe. 

10(5):497–506.  

Halim TY, Steer CA, Matha L, Gold MJ, Martinez-Gonzalez I, McNagny KM, McKenzie AN, Takei F. 

2014. Group 2 innate lymphoid cells are critical for the initiation of adaptive T helper 2 

cell-mediated allergic lung inflammation. Immunity. 40(3):425–435. 

Hashiguchi M, Kashiwakura Y, Kojima H, Kobayashi A, Kanno Y, Kobata T. 2015. Peyer’s patch 

innate lymphoid cells regulate commensal bacteria expansion. Immunol Lett. 165(1):1–9. 

Hepworth MR, Fung TC, Masur SH, Kelsen JR, McConnell FM, Dubrot J, Withers DR, Hugues S, 

Farrar MA, Reith W, et al. 2015. Immune tolerance. Group 3 innate lymphoid cells mediate 

intestinal selection of commensal bacteria-specific CD4+ T cells. Science. 348(6238):1031–

1035. 

Killig M, Glatzer T, Romagnani C. 2014. Recognition strategies of group 3 innate lymphoid cells. Front 

Immunol. 5:142. 

Kim CH, Hashimoto-Hill S, Kim M. 2016. Migration and tissue tropism of innate lymphoid cells. Trends 

Immunol. 37(1):68–79. 

Klose CS, Artis D. 2016. Innate lymphoid cells as regulators of immunity, inflammation and tissue 

homeostasis. Nat Immunol. 17(7):765–774. 

Klose CSN, Flach M, Mohle L, Rogell L, Hoyler T, Ebert K, Fabiunke C, Pfeifer D, Sexl V, 

Fonseca-Pereira D, et al. 2014. Differentiation of type 1 ILCs from a common progenitor to all 

helper-like innate lymphoid cell lineages. Cell. 157(2):340–356. 

Lamont RJ, Hajishengallis G. 2015. Polymicrobial synergy and dysbiosis in inflammatory disease. 

Trends Mol Med. 21(3):172–183. 

Mackley EC, Houston S, Marriott CL, Halford EE, Lucas B, Cerovic V, Filbey KJ, Maizels RM, 

Hepworth MR, Sonnenberg GF, et al. 2015. CCR7-dependent trafficking of RORγt ILCs creates a 

unique microenvironment within mucosal draining lymph nodes. Nat Commun. 6:5862. 

McKenzie AN, Spits H, Eberl G. 2014. Innate lymphoid cells in inflammation and immunity. Immunity. 

41(3):366–374. 

Mizraji G, Segev H, Wilensky A, Hovav AH. 2013. Isolation, processing and analysis of murine 

gingival cells. J Vis Exp. (77):e50388. 

Monticelli LA, Sonnenberg GF, Abt MC, Alenghat T, Ziegler CG, Doering TA, Angelosanto JM, 

Laidlaw BJ, Yang CY, Sathaliyawala T, et al. 2011. Innate lymphoid cells promote lung-tissue 

homeostasis after infection with influenza virus. Nat Immunol. 12(11):1045–1054. 



10 

 

Moro K, Yamada T, Tanabe M, Takeuchi T, Ikawa T, Kawamoto H, Furusawa J, Ohtani M, Fujii H, 

Koyasu S. 2010. Innate production of T(H)2 cytokines by adipose tissue-associated 

c-Kit(+)Sca-1(+) lymphoid cells. Nature. 463(7280):540–544. 

Moutsopoulos NM, Konkel J, Sarmadi M, Eskan MA, Wild T, Dutzan N, Abusleme L, Zenobia C, 

Hosur KB, Abe T, et al. 2014. Defective neutrophil recruitment in leukocyte adhesion deficiency 

type I disease causes local IL-17-driven inflammatory bone loss. Sci Transl Med. 6(229):229ra40. 

Muraoka W, Xia Q, Halperin S, Koroleva E, Tumanov A. 2016. A unique population of IFNγ-producing 

innate lymphoid cells promotes Campylobacter-induced colitis. J Immunol. 196(1 Suppl):208.1. 

Neill DR, Wong SH, Bellosi A, Flynn RJ, Daly M, Langford TK, Bucks C, Kane CM, Fallon PG, Pannell 

R, et al. 2010. Nuocytes represent a new innate effector leukocyte that mediates type-2 immunity. 

Nature. 464(7293):1367–1370. 

O’Sullivan TE, Rapp M, Fan X, Weizman OE, Bhardwaj P, Adams NM, Walzer T, Dannenberg AJ, 

Sun JC. 2016. Adipose-resident group 1 innate lymphoid cells promote obesity-associated insulin 

resistance. Immunity. 45(2):428–441. 

Pandiyan P, Bhaskaran N, Zhang Y, Weinberg A. 2014. Isolation of T cells from mouse oral tissues. 

Biol Proced Online. 16(1):4. 

Rankin LC, Girard-Madoux MJ, Seillet C, Mielke LA, Kerdiles Y, Fenis A, Wieduwild E, Putoczki T, 

Mondot S, Lantz O, et al. 2016. Complementarity and redundancy of IL-22-producing innate 

lymphoid cells. Nat Immunol. 17(2):179–186. 

Simoni Y, Newell EW. 2017. Toward meaningful definitions of innate-lymphoid-cell subsets. 

Immunity. 46(5):760–761. 

Sonnenberg GF, Artis D. 2015. Innate lymphoid cells in the initiation, regulation and resolution of 

inflammation. Nat Med. 21(7):698–708. 

Sonnenberg GF, Monticelli LA, Alenghat T, Fung TC, Hutnick NA, Kunisawa J, Shibata N, Grunberg 

S, Sinha R, Zahm AM, et al. 2012. Innate lymphoid cells promote anatomical containment of 

lymphoid-resident commensal bacteria. Science. 336(6086):1321–1325. 

Souto GR, Queiroz-Junior CM, de Abreu MH, Costa FO, Mesquita RA. 2014. Pro-inflammatory, Th1, 

Th2, Th17 cytokines and dendritic cells: a cross-sectional study in chronic periodontitis. PLoS 

One 9(3):e91636.  

Spits H, Artis D, Colonna M, Diefenbach A, Di Santo JP, Eberl G, Koyasu S, Locksley RM, McKenzie 

AN, Mebius RE, et al. 2013. Innate lymphoid cells—a proposal for uniform nomenclature. Nat 

Rev Immunol. 13(2):145–149. 

Van Maele L, Carnoy C, Cayet D, Ivanov S, Porte R, Deruy E, Chabalgoity JA, Renauld JC, Eberl G, 

Benecke AG, et al. 2014. Activation of type 3 innate lymphoid cells and interleukin 22 secretion in 

the lungs during Streptococcus pneumoniae infection. J Infect Dis. 210(3):493–503. 

Yamazaki S, Maruyama A, Okada K, Matsumoto M, Morita A, Seya T. 2012. Dendritic cells from oral 

cavity induce Foxp3(+) regulatory T cells upon antigen stimulation. PLoS One. 7(12):e51665. 



11 

 

Zschaler J, Schlorke D, Arnhold J. 2014. Differences in innate immune response between man and 

mouse. Crit Rev Immunol. 34(5):433–454. 

 


