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Abstract

Group 2 innate lymphoid cells (ILC2s) are sentinels of barrier immunity, and their activation 

by the epithelial alarmins IL-25 and IL-33 is a defining trait. Here we identified a role for the 

chemokine receptor CCR8 in modulating skin ILC2 abundance and activation. CCR8 signaling 

facilitated IL-25 induced increases in skin and lung ILC2s, ILC2 activation and systemic IL-13 

production, and ligand directed ILC2 entry into skin and lung. CCR8 controlled ILC2 tissue entry 

in IL-25 treated naïve mice, but only transferred bone marrow ILC2 progenitors were equipped to 

enter the skin whereas multiple tissue sourced ILC2s entered the lung. CCR8 selectively regulated 

IL-33 induced increases in skin ILC2s, their proliferation, and production of IL-13/IL-5, as well 

as IL-33-responsive transferred ILC2 trafficking only to the skin. Collectively, we illuminate novel 

aspects of CCR8 signaling regulated ILC2 motility and function, especially in the skin, in response 

to two hallmark ILC2 activating alarmins.

INTRODUCTION

GATA-3 dependent group 2 ILCs (ILC2s) produce IL-4, IL-5, IL-9, and IL-13 upon 

activation by the epithelial alarmins TSLP, IL-33, and IL-25 (1, 2). CCR8 is a signature 

gene of the mouse ILC2 transcriptome (3). CCR8 induces Th2 cell migration through its 

ligands CCL1, mCCL8 (mouse) and CCL18 (4-6). CCR8 ligands are highly upregulated 

in allergic disorders such as asthma and atopic dermatitis(1, 7). The chemokine receptors 

CCR8 and CCR4 are selectively enriched in ILC2s but have tissue specific differences in 

expression. Gut ILC2s highly express CCR4, whereas lung and skin ILC2s highly express 

CCR8 (3, 8). The role of CCR8 in skin ILC2 migration remains to be elucidated.

mCCL8 and CCR8 were shown to be essential for ILC2 motility and activation within the 

lung after IL-33 challenge (9). In contrast, CCR8 signaling was irrelevant for transferred 
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ILC2 migration into papain treated lungs but was important for autocrine/paracrine feed 

forward signaling through CCL1 in promoting ILC2 expansion and effector function during 

helminth infection (10). Here we define a unique specificity of the CCR8-axis in promoting 

IL-25 and IL-33 induced increases in skin ILC2s, as well as skin ILC2 activation and 

migration.

MATERIALS AND METHODS

Mice

C57BL/6J mice were purchased from Charles River. CD45.1, IL-13 tm1(YFP/cre)Lky 

(YetCre-13) and IL-5tm1.1(icre)Lky(Red5) mice were obtained from the Jackson Laboratory. 

Ccr8−/− mice were obtained from Sergio Lira (Mount Sinai Hospital, NY). Ccl8−/− mice 

were generated from Ccl8Lacz/+tm1a mice from KOMP/MMRRC Repository (UC Davis, 

CA). All protocols were approved by the Massachusetts General Hospital Subcommittee on 

Research Animal Care. Mice of both genders were used.

Mouse treatment

Mice were intraperitoneally (i.p.) injected with IL-25 (400 ng/day/mouse) for 3 days, or 

IL-33 (300 ng/day/mouse) for 7 days. For trafficking experiments, CD45.1X CD45.2 or 

Ccl8−/− recipients were half-lethally exposed to CS136 (5G). 24 hrs after transfer, recipients 

were treated with IL-25 or IL-33 as above.

Tissue cell harvest

Ears and lungs were digested with Liberase (0.1 mg/mL), dissociated with GentleMACS 

(Miltenyi, MA), and filtered with 70 μm strainers. Cleaned and minced small intestines were 

digested in HBSS containing 5% FCS and 1 mM DTT. Spleens were mashed on 70 μm 

strainers. Femurs were flushed to collect bone marrow (BM) that was treated with red blood 

lysis buffer.

Competitive homing in vivo

5 million total leukocytes from BM, lung, or small intestine from WT (CD45.1) and 

Ccr8−/− (CD45.2) mice were mixed at a 1:1 ratio and transferred into half-lethally irradiated 

recipients (CD45.1 X CD45.2, or Ccl8−/− mice). For Ccl8−/− (CD45.2) recipients, donor 

leukocytes from WT (CD45.1) and Ccr8−/− (CD45.2) mice were stained with CFSE to 

distinguish extraneous from endogenous cells.

Flow cytometry

Gating strategy is shown in supplemental Fig1A and fluorochrome-conjugated anti-mouse 

antibodies used are listed in supplemental Table 1. ILC2s were defined as live singlets 

that were CD45+Lin−CD90.2+ or for sub-gating analysis CD45+Lin−CD90.2+CD127+. 

Lin+ cells were defined as CD3+CD19+B220+CD11b+CD11c+Gr-1+Fcer-1+Ter119+NK1.1+. 

Flow cytometry was done on a CytoFLEX LX (Beckman Coulter, NJ).
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RNA extraction and qPCR

RNA was extracted from skin and lung in Trizol and purified using the RNeasy Mini kit 

(Qiagen, Germany). q-PCR was executed on a LightCycler 96 (Roche,Switzerland), and 

normalized to GAPDH, using primers listed in supplemental Table 1.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9 with two-way ANOVA or 

Student’s two-tailed t-test.

RESULTS AND DISCUSSION

IL-25 elicited CCR8 regulated increases in ILC2s and ILC2 activation but not proliferation

Systemic IL-25 treatment increased ILC2 frequencies and numbers in several organs, 

but fewer ILC2s were detected in Ccr8−/− ears and lungs (Fig1A-C; supplemental Fig1B-

D). IL-25 induced equal ILC2 proliferation, measured by Ki-67 expression, in WT and 

Ccr8−/− tissues (Fig1B; supplemental Fig1E). IL-25 treatment induced increased IL-25R 

on KLRG1hi ILC2s in the lung, BM and spleen, that was CCR8 regulated only in the 

spleen (supplemental Fig1H-I). Induction of high KLRG1 expression marks ILC2 activation 

(11-13). IL-25 induced a modest but significant increase in KLRG1+ activated ILC2s in the 

ear, but a striking increase in KLRG1+ lung, BM and spleen ILC2s (Fig1D; supplemental 

Fig1E-F). Ccr8−/− mice had fewer activated KLRG1+ ILC2s in the ear, lung and BM.

Only IL-25-responsive BM sourced ILC2s entered the ear in a CCR8 regulated manner

ILC2s detected in the lung after IL-25 treatment of naïve mice originate in the gut, as 

naïve gut but not lung ILC2s highly express IL-25R in the steady state, enabling gut ILC2 

proliferation, lymphatic entry, and subsequent hematogenous inter-organ trafficking to the 

lung after S1P-dependent egress from the gut, which gut ILC2s do more efficiently than 

BM ILC2 progenitors (3, 13). Thus, to define the origin of increased skin ILC2s we initially 

sorted naive gut sourced lymphocytes from WT (CD45.1) and Ccr8−/− (CD45.2) mice and 

co-transferred them at a 1:1 ratio into naïve WT (CD45.1 x CD45.2) recipients that were 

treated with IL-25. We detected rare gut sourced ILC2s in the lung and spleen, but none in 

the ear (supplemental Fig1J).

Thus, to perform in vivo trafficking studies of transferred cells not derived by in vitro 
expansion and to determine the tissue source of IL-25 elicited increased skin ILC2s, we 

utilized a model of homeostatic tissue disruption associated niche depletion (supplemental 

Fig1K) (14). A 1:1 ratio of lung, gut, and BM sourced WT (CD45.1) and Ccr8−/− (CD45.2) 

lymphocytes were transferred into half-lethally irradiated recipient (CD45.1 X CD45.2) 

mice that were treated with IL-25. Only BM sourced ILC2s were meaningfully detected 

in the ear, suggesting that BM ILC2 progenitors were the primary source of IL-25-elicited 

increased ILC2s observed in the ear (Fig1E).

More WT BM sourced transferred ILC2s were detected in the ear, lung and spleen of IL-25 

treated recipients (Fig1E-F; supplemental Fig1L). More transferred Ccr8−/− BM derived 

ILC2s were detected in the BM of recipients, suggesting that CCR8 signaling enabled IL-25 
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triggered egress of BM ILC2 progenitors into the bloodstream (Fig1F; supplemental Fig1L-

M). Collectively, these data indicate that the observed IL-25 treatment elicited increase in 

skin ILC2s is a consequence of CCR8 signaling that regulates both ILC2 progenitor egress 

from the BM, and the subsequent migration and CCR8-dependent entry of ILC2s into the 

ears of treated mice given the lack of a difference in proliferation.

CCR8 controlled multiple tissue sourced ILC2 entry into the lung after IL-25 treatment

In contrast to the the ear, we detected transferred gut, BM and lung sourced ILC2s in the 

lung and spleen after IL-25 treatment (Fig1F-G; supplemental Fig1L-M). CCR8 signaling 

regulated gut, BM and lung derived co-transferred ILC2 entry into the lung in these 

competitive homing studies.

IL-25 induced CCR8 ligands in target tissue and tissue ligand directed ILC2 homing

IL-25 treatment significantly induced expression of both CCR8 ligands, Ccl1 and Ccl8, 

in the ear and lung (Fig1H). To define if the CCR8 ligand mCCL8 provided a tissue 

homing cue that enabled IL-25 triggered ILC2 entry into the ear and lung, we co-transferred 

equal numbers of CFSE stained WT (CD45.1) and Ccr8−/−(CD45.2) BM into sub-lethally 

irradiated Ccl8−/− (CD45.2) mice, that were treated with IL-25. We detected CFSE-labelled 

WT and Ccr8−/− ILC2s in the BM and spleen but labeled WT ILC2s were absent in the ear 

and lung of the same Ccl8−/− recipients, implicating a defect in ILC2 entry into the ear and 

lung in the absence of ligand (Fig1I).

CCR8 signaling globally facilitated IL-13 production by IL-25-responsive ILC2s

ILC2s constitutively express IL-5 but minimal IL-13, and are activated during Th2 

inflammation to secrete more IL-13 and IL-5 (15). To examine if CCR8 regulates ILC2 

effector function, we crossed Ccr8−/− mice with validated IL-13 reporter (YetCre13) and 

IL-5 reporter (Red5) mice to generate YetCre x Ccr8−/− and Red5 x Ccr8−/− mice (15). IL-25 

induced IL-13 mRNA production by ILC2s, albeit modestly in the skin compared to the 

other tissues, but this was globally less in the ear, lung, spleen, and BM of Ccr8−/− mice, 

as detected by YFP expression (Fig2A-B; supplemental Fig2A-B). CCR8 also regulated the 

generation of activated KLRG1+IL-13+ILC2s globally, and IL-18R+IL-13+ILC2s in the ear 

but not other tissues (Fig2C-E). IL-25 induced IL-5 production was not regulated by CCR8 

(supplemental Fig2C-E).

CCR8 regulated IL-33 elicited increases in ear ILC2s, and their proliferation and activation

Systemic IL-33 treatment induced increased frequencies and numbers of ILC2s in the 

ear and lung, and ILC2 proliferation (Fig3A-C). A CCR8 signaling modulated effect 

was limited to the ears in which fewer ILC2s were detected. The frequency of Ki67+ 

proliferating ILC2s was also lower in Ccr8−/− ears, and fewer IL-33R+ ILC2s and activated 

KLRG1+ ILC2s were detected in Ccr8−/− ears (Fig3B, D-E). Ccr8−/− ear ILC2s were 

unlikely to have an intrinsic defect in IL-33 triggered proliferative capacity as ILC2 

proliferation in Ccr8−/− lung and BM was not reduced, indicating an effect of the local 

skin milieu (Fig3B).
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CCR8 signaling regulated IL-33 elicited BM ILC2 progenitor homing to the ear

We next co-transferred equal numbers of BM from WT and Ccr8−/− mice into half-lethally 

irradiated recipients that were treated with IL-33. More transferred Ccr8−/− ILC2s were 

found in the BM, indicating their retention in the BM, and fewer Ccr8−/− ILC2s were 

detected only in the ear (Fig3F; supplemental Fig1N). No differential homing was seen in 

the lungs; highlighting the specificity of this CCR8 regulated BM and skin ILC2 trafficking. 

We confirmed that IL-33 treatment significantly induced tissue expression of Ccl8 and 

Ccl1 to provide tissue cues for directed migration (Fig3G). IL-33 signaling drives ILC2 

progenitor egress from the BM, and migration to lung and skin (14). Collectively, our data 

imply that CCR8 signaling facilitates IL-33-responsive ILC2 progenitor egress from the 

BM, and the subsequent entry into the skin.

CCR8 regulated IL-5 and IL-13 production by IL-33 activated skin ILC2s

IL-33 treatment induced lower IL-13 and IL-5 in the ears of Ccr8−/− reporter mice (Fig4A-

C; supplemental Fig2F-H). More IL-5+ ILC2s were seen in the BM of Ccr8−/− reporter 

mice, consistent with a reduced capacity of IL-33 activated Ccr8−/− ILC2 progenitors to exit 

the BM (Fig3F and 4C).

A caveat in interpreting the IL-25 associated trafficking studies is the low numbers 

of transferred ILC2s detected in the ear and BM. However, our studies convincingly 

demonstrate that CCR8 signaling regulated IL-25-responsive BM, gut and lung sourced 

co-transferred ILC2 trafficking into the lungs but not of simultaneously transferred control 

cells (Fig1F-G; supplemental Fig1J, L-M). It is well established that the source of the 

IL-25-responsive increased ILC2s seen in the lungs of naïve mice after 3 days of treatment 

are gut-derived activated IL-25R+ ILC2s that migrate into the lung, and not lung resident 

ILC2s which are predominantly IL-33R+, in keeping with known neonatal tissue specific 

imprinting of ILC2 activating receptors (3, 12, 13). The detection of fewer IL-25-elicited 

ILC2s (Fig1A-D; supplemental Fig1F) and IL-13+ ILC2s (Fig2) in Ccr8−/− lungs can only 

be because of a CCR8-dependent defect in ILC2 migration into the lung after S1P dependent 

egress from the gut, which is a conclusion supported by our trafficking studies.

Our studies reveal that systemic IL-25 treatment elicits inter-organ ILC2 trafficking of BM 

egressed progenitors into the skin, and is distinct from IL-25 elicited gut egressed ILC2 

inter-organ migration to the lung (12, 13). Skin tropic BM ILC2 progenitors are conditioned 

to primarily express IL-18R, which marks a population transcriptionally programmed for 

homing to and function in the skin, some of which co-express IL-25R to allow IL-25-

responsiveness (Fig2E; supplemental Fig1H-I)(3). Source tissue heterogeneity may explain 

discrepancies in CCR8-dependent migration by cultured mouse versus human ILC2 cell 

lines (9, 10). Though systemic IL-25 and IL-33 treatment elicited increases in lung ILC2 

abundance, this was discordantly dependent on CCR8 signaling, which was substantiated by 

our competitive homing studies. Thus, whether ILC2s engage CCR8 for homing to the lung 

also depends on the specific inflammatory cue.

Our studies collectively support the conclusion that CCR8 signaling dependent decreased 

exogenous migration into the ears and lungs was an important primary cause of the 
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decreased ILC2 abundance seen in Ccr8−/− mice after IL-25 treatment. However, Ccr8−/− 

BM ILC2 progenitors revealed less activation, measured by KLRG1 expression, and less 

IL-13 production after systemic IL-25 treatment, and this was independent of IL-25R or 

IL-18Ra expression (Fig1D, Fig2A-E; supplemental Fig1H-I, and data not shown). Systemic 

IL-25 treatment elicits CCL1 production by tissue ILC2s and autocrine CCR8-CCL1 

signaling enhances ILC2 activation (10). This likely explains the reduced activation of 

Ccr8−/− BM ILC2 progenitors, which undoubtedly contributed to the decreased abundance 

of Ccr8−/− skin ILC2s after IL-25 treatment.

ILC2s are implicated in homeostatic tissue repair and IL-33 mediated cutaneous wound 

healing (1, 16). Trauma to the skin, manifested by tape-stripping, produces detectable 

serum IL-33; tape-stripping elicited serum IL-33 is comparable to serum IL-33 elicited by 

intranasal fungal challenge, and the latter is sufficient to initiate ILC2 egress from the BM 

into blood, followed by migration into the lung (14, 17, 18). The reduced frequency of 

Ki67+ proliferating ILC2s in IL-33 treated Ccr8−/− ear but not lung or BM ILC2s indicates 

a local skin-specific effect (Fig 3B). Our data support a model in which skin trauma elicited 

local IL-33 induces CCR8-mediated resident skin ILC2 activation and expansion that is 

enhanced by autocrine/paracrine CCL1 signaling, and skin trauma elicited systemic IL-33 

elicits CCR8-mediated hematogenous deployment of BM ILC2s (10, 14).

Our data espouses the concept of a tightly regulated BM-skin homing axis that mediates 

IL-25 and IL-33 triggered exogenous ILC2 entry into the skin that is facilitated by CCR8 

signaling. Fate mapping has shown that in contrast to the stable tissue resident lung and gut 

ILC2 pools that are non-migratory and maintained by self-renewal, the skin and BM ILC2 

pools undergo continuous turnover and expansion in the steady state (19). Teleologically, the 

rapid turnover and continued expansion of ILC2 pools in the BM and skin may signify a 

centrally controlled BM-skin axis that allows alarmins to rapidly deploy BM progenitors to 

the skin, given the skin’s greater physical vulnerability. Kaede photoconvertible mice have 

revealed steady state blood borne ILC2 entry into the skin (20). Our data establish that 

CCR8 signaling partly regulates BM ILC2 progenitor egress and subsequent homing to the 

skin during IL-25 and IL-33-elicited inflammation.

In summary, our findings support the overall conclusion that CCR8 signaling mediates 

in vivo ILC2 trafficking, and provides clarity to prior studies(9, 10). CCR8 signaling 

regulated IL-25-induced ILC2 activation, global IL-13 production, and mCCL8-directed 

migration into the skin and lung. CCR8 was important for IL-33-induced skin ILC2 

proliferation, IL-13 and IL-5 production, and ILC2 trafficking to the skin. We found 

that skin ILC2s robustly produced IL-13 upon TSLP and IL-18 stimulation, independent 

of CCR8 (supplemental Fig2I-L). We found an additive but not synergistic effect of 

simultaneous IL-25 and IL-33 treatment in increasing skin ILC2 abundance (supplemental 

Fig2M). Collectively, we define a unique skin specificity of the CCR8-axis in promoting 

ILC2 activation and expansion in response to two major barrier alarmins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key points

• CCR8 facilitates IL-25 induced skin and lung ILC2 increase and production 

of IL-13

• CCR8 regulates IL-33-responsive skin ILC2 increase and production of 

IL-13/IL-5

• CCR8 controls IL-25 induced ILC2 skin and lung homing, and IL-33 induced 

skin homing
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Fig 1. CCR8 promotes IL-25 induced increases in skin and lung ILC2s and ILC2 activation.
WT and Ccr8−/−(A-D, H), CD45.1xCD45.2 (E-G), and Ccl8−/−(I) mice were injected 

i.p. with IL-25 (400 ng/day/mice) for 3 days and analyzed on day 4. (A) Representative 

flow plots; and (B) total tissue Lin−CD90.2+ ILC2 and CD127+Ki67+ ILC2 percentages 

after treatment. (C) Counts of skin and lung Lin−CD90.2+ ILC2s. (D) Percentages of 

CD127+KLRG1+ activated ILC2s. (E) Flow plots of co-transferred WT(CD45.1) and 

Ccr8−/− (CD45.2) BM, gut and lung Lin−CD90.2+ ILC2s in the ears of partially irradiated 

CD45.1xCD45.2 recipients. (F-G) Tissue accumulation of transferred ILC2s: when sourced 

from (F) BM; (G) gut and lung. (H) IL-25 induced Ccl8 and Ccl1 expression. (I) Flow 

plots of transferred CFSE-labeled BM sourced WT (CD45.1) and Ccr8−/−(CD45.2) ILC2s 

in irradiated recipient Ccl8−/−(CD45.2) mice. Data are representative of three independent 

experiments except (I) which represents 2 experiments. n=5-14 mice/group with data 

combined from three independent experiments except (H) which represents 3 biological 

replicates. Individual data point frequencies represent individual mice, and were calculated 

per organ: whole lung, both ears, both femurs and spleen per mouse. BM, bone marrow; con, 

control. Graphs show mean ± SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 

0.0001 by two-way ANOVA (B, C, D, and H) or paired t test (F and G).
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Fig 2. CCR8 facilitates IL-25 induced IL-13 production by ILC2s.
YetCre and Ccr8−/−YetCre IL-13 reporter mice were injected with IL-25 for 3 days 

and analyzed on day 4. (A) Representative flow plots of IL-13 production by 

Lin−CD90.2+CD127+gated ILC2s. Percentages of (B) total IL-13+ ILC2s; and (C-E) 

IL-13 expressing KLRG1+, IL-33R+ ILC2s, and IL-18Ra+ ILC2s. n=5-13/group with data 

combined from 3 independent experiments. Graphs show mean ± SEM; *, P < 0.05; **, P < 

0.01; ***, P < 0.001; ****, P < 0.0001 by two-way ANOVA.
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Fig 3. CCR8 aids IL-33 elicited increased skin ILC2s, and their proliferation and activation.
WT and Ccr8−/−(A-E, G), and CD45.1xCD45.2 (F), mice were injected with IL-33 for 

7 days and analyzed on day 8. (A) Representative flow plots of ILC2s. (B) Total tissue 

Lin−CD90.2+ ILC2 and CD127+Ki67+ ILC2 percentages. (C) Counts of skin and lung 

Lin−CD90.2+ ILC2s. Percentages of (D) CD127+IL-33R+ ; and (E) CD127+KLRG1+ 

activated ILC2s. (F) Tissue distribution of BM sourced ILC2s from WT (CD45.1) and 

Ccr8−/− (CD45.2) mice in treated irradiated CD45.1xCD45.2 recipients. (G) IL-33 induced 

Ccl8 and Ccl1 expression. n=5-19 mice/group with data combined from three independent 

experiments except (G) which represents 3 biological replicates. Graphs show mean ± SEM; 

*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 by two-way ANOVA (B-E, and 
G) or paired t test (F).
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Fig 4. CCR8 promotes IL-13 and IL-5 production by IL-33 activated skin ILC2s.
(A-B) YetCre and Ccr8−/−YetCre IL-13 reporter mice and (C) Red5 and Red5 x Ccr8−/− 

IL-5 reporter mice were injected with IL-33 for 7 days and analyzed on day 8. (A) 

Representative flow plots of IL-13 production by Lin−CD90.2+CD127+ gated ILC2s. 

Percentages of total (B) IL-13+ and (C) IL-5+ ILC2s. n=5-12/group with data combined 

from 3 independent experiments. Graphs show mean ± SEM; **, P < 0.01; ****, P < 0.0001 

by two-way ANOVA.
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